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ABSTRACT
Inhabited from the Late Intermediate Period (A.D. 1000-1470) until the time of
Spanish conquest, Túcume was a religious and ceremonial site that was transformed over
time into a major urban centre. Archaeological excavations at Túcume have revealed that
hundreds of individuals were victims of human sacrifice at the site, where their remains
were interred in distinct groupings that are most likely defined by the motivation behind
different sacrificial rites. This research employs biogeochemical, archaeological and
ethnohistoric data to explore residential mobility related to human sacrifice in and around
the site of Túcume, Peru.
This dissertation has two primary foci: one methodological and the other
archaeological. Through a comparison of two methods for assessing strontium isotope
composition of human tissues it was revealed that Femtosecond Laser Ablation
Inductively Coupled Plasma Mass Spectrometry generates results that are comparable to
chemical processing for enamel, but that bone is a poor target material for laser ablation.
Recent concerns regarding the consistency of inter-tissue oxygen isotope spacing were
addressed by testing human bone and enamel phosphate and no systematic offset was
found. Also, this study investigates the utility of dentin as a proxy for enamel in oxygen
isotope analysis in situations where destruction of the crown is either prohibited or
undesirable, and finds that analyses of the phosphate portion of primary dentin can be
used as a proxy for enamel in stable oxygen isotope studies.
The second component of the dissertation focuses on the use of stable strontium and
oxygen isotope analyses of human tissues to better identify first-generation migrants.
Environmental samples were utilized, along with archaeological material, to construct a
working baseline against which to assess mobility. The extent of geographic relocation
was then assessed within two distinct burial groupings, characterized as sacrificial
victims on the basis of ethnographic and archaeological information, from Túcume. The
two groups demonstrated strikingly different isotopic signatures that suggest very
different patterns of mobility for the individuals. The elite group appears to have moved
minimally and as a unit, while the mass sacrifice victims originated in a wide variety of
regions.
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CHAPTER 1
INTRODUCTION

1.1

RESEARCH CONTEXT AND OBJECTIVES

The north coast of Peru is an area where human mobility and geographic relocation
have been studied using cultural identifiers that can act as proxies for migration such as
craft production (Hayashida 2006; Janusek 2004; Shimada and Griffin 2005), burial
patterns (Donnan and Mackey 1978; Rowe 1995; Shimada et al. 2004) and architecture
(Alconini 2008; Aldenderfer and Stanish 1993; Cook and Benson 2001), but where
biogeochemical techniques such as stable isotope analyses have not been widely
employed. In this research, particular aspects of personal and social biographies
(specifically geographic relocation related to mass human sacrifice) will be examined in
order to better understand which groups within populations may have moved, to what
purpose, and how those actions may have served to maintain or reinforce the existing
sociopolitical and economic hierarchies.
This research employs biogeochemical, archaeological and ethnohistoric data to
explore residential mobility in and around the site of Túcume, Peru. Inhabited from the
Late Intermediate Period (A.D. 1000-1470) until the time of Spanish conquest, Túcume
was a religious and ceremonial site that was transformed over time into a major urban
centre (Sandweiss 1995; Shimada 1981). Monumental architecture at the site was
constructed largely during the Late Intermediate Period but subsequent groups continued
to add to and modify structures (Heyerdahl 1995). The northern region of Peru came
under Inca control by approximately A.D. 1470 and local populations were integrated
into the Inca Empire through a combination of direct and indirect rule from the centre of
the Inca heartland at Cuzco (Murra 1980; Netherly 1988; Rostworowski de Diez Canseco
1990; Salomon 1986). Given that the Inca were known to move large groups of people
across the landscape and to redistribute portions of the population for a wide variety of
practical and ceremonial purposes (Arkush and Stanish 2005; Benson and Cook 2001a;
D'Altroy 2002; Farrington 1992; McEwan 2006; Reinhard 2005; Rowe 1947; Silverblatt
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1987; Skar 1995; Stanish 2005; von Hagen and Morris 1998), isotopic studies of
residential mobility should yield interesting results at Túcume.
This dissertation has two primary foci: one methodological and the other
archaeological. By attempting to refine the isotopic methods used to study ancient
human remains, I seek to add to the repertoire of currently available tools for researchers
in this field. To this end, two chemical isolation methods for extracting and analysing
87

Sr/86Sr in human tissues were compared to a new type of laser ablation for strontium

isotope analysis. In this study, my hypothesis is that the ultra-high speed laser system is a
suitable method by which to analyze 87Sr/86Sr in human bone and enamel samples. I
expect that, when testing the same tissue types of a single individual, the laser and
chemical extraction methods will yield 87Sr/86Sr ratios that are identical. The alternative
is that the results do not match, and that for the bioarchaeological component of the
research I will revert to the chemical method of analysis. Also, this study investigates the
utility of dentin as a proxy for enamel in oxygen isotope analysis in situations where
destruction of the crown is either prohibited or undesirable. The hypothesis here is that
dentin can be used as a proxy for enamel in δ18Op studies, and this would be upheld with
a finding that dentin and enamel from the same tooth have the same δ18Op values. The
final methodological component addresses concerns regarding an offset between bone
and enamel δ18O values in both the carbonate and phosphate portion of tissues noted by
several authors (Luz and Kolodny 1985b; Metcalfe 2005; Olsen 2006; Smith et al. 2005;
Warinner and Tuross 2009). I hypothesize that there is no consistent offset between the
phosphate portion of the two tissues, within a sample selected specifically to minimize
potentially confounding variables. In testing bone and enamel phosphate from
individuals whose tissues were both forming at the time of death, I expect to see no
pattern between the δ18Op values. Alternatively, if enamel is consistently more positive
than bone from the same individual, interpretations derived from oxygen isotope data for
human bone and enamel phosphate samples will need to be re-evaluated.
The second component of the dissertation focuses on the use of stable isotope analyses
of human tissues to better identify individuals who may have relocated during their
lifetimes. The human body acquires its oxygen isotope signature primarily from water
consumed during life, while the strontium isotope composition within the body originate
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at the base of the food chain: the ground in which food is grown. Accordingly, modern
water and soil samples were utilized to construct a working baseline against which to
assess mobility. Additional baseline information was gleaned by testing human tissues
from a burial ground identified by excavating archaeologists as containing the remains of
long-term inhabitants of the site of Túcume, Peru. Finally, testing for the prevalence of
residential relocation in antiquity was carried out for two distinct burial groupings from
the site of Túcume. For both groups sampled, my hypothesis is that the group consists
primarily of individuals from regions outside of the burial location, and I expect to see
isotopic signatures from the remains that are not in line with established baselines for the
area. The alternative is that these groupings are derived from local individuals and I will
see isotopic signals from bones and enamel that match the local baseline values.
1.2

ISOTOPIC APPROACHES TO RESIDENTIAL MOBILITY

Social interaction and the movement of people across landscapes are attributes of
modern societies that have traditionally been difficult to examine directly in the
archaeological record. Identifying the movement of individuals, as opposed to the
movement of things and ideas has, until very recently, been one of the most complex
challenges in archaeology and anthropology. It is difficult to convincingly demonstrate
that changes in one area are the result of contacts with another, rather than simply the
outcome of parallel processes. Similarly, migration and replacement was once a common
explanation for archaeological change, such as the appearance of new artifacts (Alden et
al. 1979; Cobean et al. 1989; Gilbert et al. 1980; Huffman 1984; Hughes 1949; Voorhies
1972), but research in the study of historical and ethnographic records shows that internal
change within a group can produce the same outcome (Widlock 1999).
Often the size of the group moving can be reconstructed from indicators such as
residence size, quantities of food residues and volumes of storage pits (Chamberlain et al.
2005), but it does not tell us who moved, from where and when they moved. Economic
factors appear to be the favoured explanation for migration, both in modern and ancient
contexts (Abadan-Unat 1988; Brown 1983; Chen et al. 2003; Donato et al. 2001).
Researchers must keep in mind, however, that the desire to advance economically is
mitigated by other personal, social and political factors (Dobres and Robb 2000; Dornan
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2002). The application of geochemical techniques to questions surrounding human
mobility and social relations thus provides a tool for researchers to map group
interactions within past societies at a much finer level of resolution.
Any site has a local natural range in isotopic composition for each element (e.g.,
oxygen, strontium) considered. Groups who relocated as a unit from a site with a
different isotopic signature should have isotopic compositions that cluster together but
are outside the local range, while individuals who moved from a variety of isotopicallydistinct locations to their terminal destination should display a range of isotopic
compositions outside the local norm (see Figure 1.1). In either case, we would expect
bone isotopic compositions, which are reflective of resource consumption within the last
few decades of life, to be either within the local range or moving toward the local
baseline value if the individual lived on site in the years prior to their death.
Bone

Enamel

Local
Range

Local
Range
14

13

12
11
10
δ18Op (‰, VSMOW)

Local
Individuals

9

8 14

13

12
11
10
δ18Op (‰, VSMOW)

Moved from two
specific areas

Local
Local
Range
Range
9

8 14

13

12
11
10
δ18Op (‰, VSMOW)

9

8

Moved from
many areas

Figure 1.1

Expected oxygen isotopic patterns of residential mobility for a hypothetical example in
which the local baseline oxygen isotopic composition of bioapatite phosphate ranges
from 10 to 12 ‰.

1.3

RESEARCH SAMPLE

Samples for the different components of this dissertation were selected from a variety
of locations specifically to meet the goals of each particular research segment. Human
tissue samples were drawn from collections housed in The University of Western Ontario
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Anthropology Department as well as from the recent excavations and archived
collections at the site of Túcume, Peru.
A subset of five individuals from the Huaca Larga study group was selected for the
strontium isotope method comparison experiment during which multiple sample
preparation modes were tested against one another. To test for the possibility of a
consistent oxygen isotope offset between bone and enamel phosphate, a sample set
consisting strictly of children whose tissues were simultaneous under development was
gathered. For this test, two isotopically distinct regions (Egypt and Belize) were selected
to ensure that preservation under different climatic regimes did not affect the outcome.
In testing the utility of dentin for oxygen isotopic analyses, a subset of the sample group
used in the bone-enamel offset study was selected. Isotopic baseline construction was
carried out using water (for oxygen and hydrogen) and soil (for strontium) collected
along the central to north coast of Peru during the summer of 2007. An additional
baseline for the site of Túcume was established using the strontium and oxygen isotope
compositions of bone and enamel tissues from inferred long-term residents of the site.
Testing for mobility within an ancient sample was conducted using the remains of all
individuals recovered from within the largest ceremonial structure at the site of Túcume,
Huaca Larga. This group, located within the largest huaca (defined below) at the site,
reportedly contained the remains of the last noble ruler of the site, two male attendants
and 19 women hypothesized to have belonged to a revered Inca institution known as
aqlla (defined below). The second sample set is drawn from a large mass burial in an
enclosed courtyard at the base of the same structure. The Templo de la Piedra Sagrada
group consists of 117 individuals found in a context suggestive of human sacrifice on a
grand scale over a significant period of time, and samples drawn from this collection are
used to investigate questions surrounding the nature of human sacrifice at the site.
1.4

ORGANIZATION OF THE DISSERTATION

Abbreviations are used throughout the dissertation when discussing isotopic
compositions of environmental and tissue samples. The first time an isotope is
mentioned its full name and abbreviation are presented; from that point on only the
abbreviation will be used.
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Multiple spellings exist in the modern literature for terms and places associated with
pre-conquest South America. The spelling adopted throughout this dissertation for words
with alternatives (in brackets), and the meaning of Quechua terms used in the text, are
clarified below. Throughout the dissertation, Latin and Quechua words and terms are
italicized.












Aqlla%(Aclla):(organization(of(women(who(performed(ceremonial(tasks(for(the(
Inca(Empire%
Aqllakuna((Aqllacona,(Acllakuna):(young women who were specifically chosen
for their physical beauty to weave and perform religious duties, primarily for the
rulers at Cuzco
Aqllawasi((Aqllahuasi,%Acllawasi):(house where aqllakuna lived and worked
together
Cuzco (Cusco): the center of the Inca Empire, located in the highlands of southern
Peru
Huaca (Waqa): an object that represents something revered, typically a
monument of some kind
Inca (Inka): cultural group who ruled most of coastal Peru prior to the Spanish
conquest%
Mallqui:%mummified, bundled remains of deceased family member
Mamakuna (Mamacuna): older aqllakuna who trained younger females
Mita: individuals moved by the Inca to perform labour service
Mitmaqkuna (Mitmacuna): individuals were moved from their homelands to serve
the empire in some specific way

The second and third chapters of this dissertation contain the background necessary to
understand how ethnohistoric, archaeological and biogeochemical data can be combined
to draw interpretations regarding ancient human mobility in this region. In Chapter 2, the
cultural framework and archaeological context of the study area are outlined. The
relevant geographic and climatological information for the region and a detailed site
description are also presented. Chapter 3 provides pertinent information regarding
human tissue auxology, and the theory behind the use of stable isotopes to trace mobility
and resource consumption in ancient human populations.
The remaining chapters report the results and provide discussion of the research
undertaken. Chapter 4 outlines the methodological issues addressed by this research,
reports the data collected for these components and discusses the outcomes for each of
these sections. Here I compare variations in methodology for strontium isotope analyses,
examine the possibility of an isotopic offset within the phosphate portion of bone and
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enamel, investigate the possibility of using dentin as a proxy for enamel in oxygen
isotope studies and begin to establish critical local baselines against which archaeological
questions regarding mobility in northern Peru can be framed. In Chapter 5, I present the
archaeological research segment of the dissertation and an additional baseline from a
presumptive local population is generated. Two burial populations are investigated to
identify possible first-generation migrants to the site and questions about how they came
to be interred as distinct groups at the site of Túcume are addressed. Chapter 6
summarizes the major contributions of this research to the discipline and considers
directions for future research.
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CHAPTER 2
CULTURAL CONTEXT

2.1

ANDEAN CULTURAL CHRONOLOGY

Based largely on changes to material culture, archaeologists working along the Andes
use a chronology that is broken down into a series of horizons (wherein cultural
developments are felt across a large area) and periods (during which more localized
changes occur) (Moseley 2001). Table 2.1 outlines the major shifts in Andean prehistory
within the various regions. There was no pan-Andean cultural group until very late in
prehistory when the Inca moved across the landscape in the Late Horizon (AD 14701534) and became the ruling elite along most of the Western Andes.

Table 2.1. Andean cultural chronology, from sources discussed in the text.
TIME
FRAME

North
Coast

Central
Coast

South
Coast

Central
Highlands

Southern
Highlands

Chimú-Inca

Inca

Inca

Inca

Inca

Chimú

Chancay

Ica

Chancay

Killke
Lucre

Middle Horizon
(AD 600 - AD 1000)

Casma
Lambayeque

Pachacamac

Tiwanaku

Wari
Tiwanaku

Tiwanaku

Early Intermediate
Period
(200 BC - AD 600)

Gallinazo
Moche

Lima

Nasca

Recuay

Huarpa

Early Horizon
(900 BC - 200 BC)

Cupisnique

Chavin

Paracas

Chavin

Pukara

Late Horizon
(AD 1470 - AD
1534)
Late Intermediate
Period
(AD 1000 - AD
1470)

By the beginning of the Middle Horizon (AD 600 – AD 1000), the north coast of Peru
was already well-developed, and the largest settlement in the region was Pampa Grande
(Shimada and Griffin 2005). Around AD 750, this site was suddenly abandoned and its
major architectural structures burned. This mode of abandonment was common to the
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region, and would continue into the Late Horizon and the early historic period (Moseley
2001).
Over the following centuries two important settlements developed in this region:
Batán Grande and Túcume, two cities that were eventually conquered by the Chimú
Empire. In the Lambayeque Valley, the site of Batán Grande rose in importance, and
excavations at the site suggest that by the Late Intermediate Period (AD 1000 – AD
1470) the Chimú had conquered the site (Shimada 1981; Shimada et al. 2004), following
the local tradition of building ceremonial platform mounds to house the remains of their
elites with large quantities of gold and artifacts made of other precious materials. By AD
1100, many other ceremonial sites in the region had been abandoned and burned, and it
was around this time that the medium-sized site of Túcume became an important political
and religious centre (Sandweiss 1995). The Chimú Empire continued to expand
dramatically outward from the Moche Valley during the second half of the Late
Intermediate Period (AD 1200 - AD 1470), largely through trade with highland groups
and military conquest of coastal groups to both the north and south (Topic 1990), and
excavations at Túcume have uncovered clear evidence of Chimú occupation (Hayashida
2006).
The Inca Empire was centered at Cuzco in southern Peru but spanned over 3000 km,
which included territory from Ecuador to Chile and between 10,000,000 and 12,000,000
people (D'Altroy 2002; Hastorf and D'Altroy 2001). The empire was divided into four
parts that converged at Cuzco, and were subsequently split into provinces on the basis of
former geopolitical divisions. Driven largely by an ideology that required rulers to
continually expand upon their predicessors holdings and build their own fortunes, the
Inca considered themselves benefactors on a divine mission to spread their religion to
nearby peoples (McEwan 2006; Ramirez 2005). The social diversity of the region ruled
by the Inca dictated that they adopt flexible policies in governing areas outside of the
heartland. Often the Inca were able to overtake nearby groups through strategic means;
they allowed lower level-local governments to stand but established a hierarchical
structure above those bodies, thus minimizing the immediate impact of conquest on the
masses (Malpass 1993; Murra 1986; Sandweiss 1995). In other cases, the Inca simply
erected new administrative centres to centralize regional power, thus bringing together
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previously-autonomous groups under one leader (Menzel 1967; Schjellerup 1997). The
northern regions presented more of a direct challenge for the Inca military than many
other areas within their realm (D'Altroy et al. 2004). The Chimú Empire was firmly
ensconced in the North and commanded a well-coordinated military of their own. By
approximately 1470, after a series of fierce military battles and sporadic uprisings
between Inca and Chimú forces, the Inca gained control over the northern regions of Peru
(Netherly 1988; Rostworowski de Diez Canseco 1990). The Chimú peoples and their
lands in the northernmost quadrant of the Inca Empire, Chinchaysuyu, were ultimately
integrated into the Inca realm through a combination of both direct and indirect rule. In
most places it appears that the Inca adopted or adapted local customs to suit their own
needs and to minimize the possibility that local groups would rebel (Murra 1980;
Salomon 1986). In keeping with another common Inca practice, the Chimú capital of
Chan Chan was allowed to remain the regional centre of power, but monumental
architecture designed to emphasize the change in religious views was erected rapidly onsite (Ramirez 1990).

2.2

ANDEAN MODELS OF MOBILITY

Until recently the movement of pre-Columbian Andean groups has remained largely
unexplored in the archaeological literature, and earlier research was focused primarily
upon interaction between coastal and highland groups. Inferences regarding contact
between groups have been drawn on the basis of architecture, burial patterns, ceramic
manufacture and decoration, among other indicators. Only in the last few decades has
technology been developed that will allow investigators to study the movement of groups
at the level of the individual.
The study of human mobility in the central Andes should be investigated with the
cultural history of the region in mind, although this aspect of pre-Columbian Andean life
has often been either dismissed or left to the sidelines of archaeological inquiry.
Burmeister (2000) would argue that the study of such movement has disappeared almost
entirely from all of archaeology, and Chamberlain (2005) contends that archaeology is
not equipped to identify human mobility successfully. I believe that many Andean
researchers have simply replaced the concept of human movement across the landscape
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with ambiguous euphemisms such as ‘exchange or ‘contact’ without adequately
operationalising these terms. Numerous authors note the ‘influences’ of one culture upon
others, or the ‘interactions’ between groups (e.g. Keatinge 1988; Moseley 2001; von
Hagen and Morris 1998), but aside from discussions focused on the Inca road system and
its use for military and imperial control purposes (D'Altroy 2002; Farrington 1992;
McEwan 2006; Moseley 2001), it appears that, until recently, little effort has been made
to identify and map human movement within the region. In fact, Keatinge (1988) earlyon recognized this deficiency in Peruvian archaeology, and argued that more detailed
studies and regional chronologies are needed in order to better understand the evolution
of cultural differences and similarities between and within groups.
In terms of human mobility in the Andes, no other timeframe seems to rival the Inca
Period for the sheer number of people relocating. In contrast to earlier groups, the Inca
resettled an untold number of people and virtually every corner of the Empire was
affected. Large scale movement across the landscape during the Inca Period is reported
to have been directed largely by political and military ideology (Arkush and Stanish
2005; D'Altroy 2002; Farrington 1992; Rowe 1947; Skar 1995; Stanish 2005; von Hagen
and Morris 1998), and much of the information regarding such movements stem from
ethnographic accounts of the Spaniards (Cobo 1980 [1653]). There are also indications
that the Inca moved particular cohorts of individuals across their empire for specific
purposes, such as sacrifice (Benson and Cook 2001a; Bourget et al. 2001; Reinhard
2005), work crews to maintain the roads (Arkush and Stanish 2005; D'Altroy 2002;
McEwan 2006), for service (Silverblatt 1987) and to diffuse potential conflicts (Swenson
2003).

2.2.a

Inca Relocation Strategies

In studying the Inca, Murra (1972) proposed a model of population distribution known
as ‘verticality’, which was designed to exploit the tightly spaced ecological zones of the
Andes as a means of self-sufficiency. Murra argued that a strategy, which distributed
group members across the varying elevations of the Andes in order to harvest resources
from those distinct zones, would have been one of the primary reasons individuals and
small groups of people moved across the landscape. Stanish (1989) called this zonal
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complementarity, and noted that those individuals who moved would have maintained
their cultural traditions and ethnic attributes, despite living side by side with other distinct
ethnic groups sent to these areas for the same purpose. In many ways, Stanish’s report
highlights one of the critical assumptions of Andean human mobility studies; it appears
that instead of investigating movement directly, Andean researchers have chosen to
investigate ethnicity and cultural affiliation, while relying on the concept of verticality to
explain how and why people moved. With little apparent concern for human agency or
individual expression, researchers tend to assume that groups and individuals moved up
and down the slopes of the Andes in response to the demands of their home communities
for resources (DeMarrais et al. 1996; Oakland Rodman 1992; Paerregaard 1998; Poole
1994; Silverman 1994), and that in doing so they maintained their unique ethnic identities
and all the material expressions which accompanied that identity.
One of the largest and most permanent forms of resettlement was a program within
which those moved from one region to another became known as mitmaqkuna. These
individuals were moved from their homelands to serve the empire in some specific way
(Rowe 1982). Individuals in this classification were distinct from those people moved to
a specific location to perform labour service (mita) or those who were moved to minimize
the potential for uprisings by conquered groups. At times, entire colonies of mitmaqkuna
were established by relocating large parts of, or entire, ethnic groups to a new area.
Specific leaders were either assigned from within or a hierarchical reporting system was
developed whereby communication with the larger Empire was controlled. There were
defined obligations to the State and, in some instances, new residential and monumental
architecture was erected that demonstrated a clear Inca influence over local patterns
(Espinoza Soriano 1983). Economic gain and the maintenance of established local
control seem to have been the primary reasons for the establishment of mitmaqkuna
colonies, as many were established in areas where Inca forces were most securely
established and in areas with high potential for agricultural yields (Grosboll 1993; Murra
1980). There is also archaeological evidence that, as mitmaqkuna were moved into an
area, locals were moved out to other regions which would have resulted in abandoned
structures ready to accommodate new inhabitants (Schreiber 1987).
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Another Inca practice that involved resettling sizeable numbers of individuals across
the Empire was described in ethnohistoric accounts of Inca economic and religious
practices. In these reports, large number of select young females from across the empire
were removed from their home communities and placed in specialized training facilities.
These girls were selected to become aqllakuna (chosen women) by an imperial official
who traveled the regions under his jurisdiction seeking beautiful young virgins. Cobo
(1979 [1653]; 1990 [1653]) reports that once these young girls were selected, they were
taken to a provincial aqllawasi (house of the chosen women), where they were raised and
trained by women known as mamakuna. These older women taught the younger females
to cook, spin and weave fine textiles and brew ceremonial beer (Benson and Cook 2001b;
McEwan 2006; Rowe 1947; Silverblatt 1987).
As the young girls grew older they were divided into three groups. The first group,
selected on the basis of social standing in their communities and physical perfection,
spent their lives as dedicated wives to the Gods, performed ceremonial functions and
remained in the aqllawasi for life (Cobo 1990 [1653]; Silverblatt 1987). A second group
of girls was sent to the live in the central aqllawasi in Cuzco, where they acted as
servants and concubines to the Emperor. From there, some members of this group were
further distributed across the Empire in the form of gifts to nobles and other individuals
to whom the Sapa Inca (The Great Inca) wished to pay homage (Benson and Cook
2001b; Classen 1993; Costin 1998; Rowe 1947). Members of the third group were
destined to become honoured human sacrifices in various rituals throughout the year.

2.3

THE FUNCTIONS OF HUMAN SACRIFICE

Numerous authors have argued that the rationale for human sacrifice is enormously
complex. The ritual itself needs to be examined as a process that functions within the
larger society for a specific purpose and not as an isolated event (Aldhouse-Green 2001;
Endsjo 2003; Hubert and Mauss 1964; Valeri 1985). Within the context of a spiritual or
supernatural experience, the act of immolation is separated from executions or murders
that occur outside of worship or veneration by virtue of its relationship with the
community as a whole (Schweiker 1987; Turner 1977; 2002). Human sacrifice has been
viewed as a means by which groups sought to control events through interaction with the
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supernatural (Hubert and Mauss 1964), and is most often interpreted as a religious act.
Several sources note that the frequency of human sacrifice also appears to increase during
periods of stress, such as a period of severe weather or upon the death of a ruler (Bourget
and Millaire 2000; Cobo 1980 [1653]), and some have argued that this is best interpreted
as attempts by the ruling class to reinforce their status and/or reverse the perceived
decline of their social and political strength (Bawden 2005; Ceruti 1999; Verano 2005).
It has been suggested that human sacrifice was used as a tool for both ideological and
political control (Ceruti 1999; Swenson 2003), as well as a means of delineating group
boundaries and allowing for the expression of hostilities within a controlled setting.
Bloch and Parry (1982) provide a detailed discussion of the near universal concept that
fertility is created out of death, which certainly appears to hold true among Andean
groups. The Andean cosmos seems to have been understood through ritualized
landscape, where acts of sacrifice were made in an effort to appease/please particular
deities and thus regenerate the earth through human offerings (Bauer 1996; Benson and
Cook 2001b; Cobo 1980 [1653]).
Human sacrifice in the Andes appears to have occurred within the public sphere,
where its spiritual, social and political impact would have been most powerful (Arnold
and Hastorf 2008; Inomata and Coben 2006; Jennings 1982; Ramirez 2005). It is often
difficult to distinguish between expressions of political and divine performance.
Numerous researchers have noted that political power is both implied and confirmed
when a select class of individuals controls the expression of ideological beliefs (Beattie
1966; Law 1985; Swenson 2003). Human sacrifice is a symbolic expression of the power
of one group over another; it is an enactment of the social hierarchy and order, but can
also be used for retributive or punitive purposes should the need arise (Ingham 1984;
Valeri 1985). Scholars have increasingly recognized that human sacrifice was a tool used
by the Inca to maintain social, political and economic control over their expansive empire
(Ramirez 2005). Blom and Janusek (2004) argue that by enacting sacrificial rituals, elite
sponsors could maneuver themselves into positions of control through their
communications, on behalf of the masses, with the supernatural. Moore (1996) has
suggested that the intensely public nature of human sacrifice in the Andes is a direct
result of the importance of these rituals in creating and maintaining the power of the elite.
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DeMarrais and colleagues (1996) also point out that human sacrificial rites had a role
to play in terms of ensuring social solidarity and social unity. Ritual human sacrifice
would have defined an individual’s position within the larger group; it would have been a
very powerful means for negotiating relationships, primarily because its form,
participation and sequence would have been strictly governed (Carneiro 1992; Geertz
1973). Indeed, numerous authors argue that ritualized human sacrifice would have
defined the boundaries of a group and encouraged social cohesion by promoting
communal social norms and values (Baumann 1992; Browne et al. 1993; Dillon 1977;
Goldstein 1993; Silverman 1988). Other researchers contend that human sacrifice serves
as an outlet for hostility and as a means of diffusing tension within communities by
allowing participants and observers to behave aggressively within a controlled and
commonly accepted setting (Browne et al. 1993; Smith and Doniger 1989). The probable
number of sacrificial victims in the archaeological record of the Andes however, suggests
that this was most likely not the sole impetus for human sacrifice in the region.
In the realm of sacrifice the offering of human life is generally considered to hold the
most value; however not all humans were equally rated. The social status of an
individual and their role within the community could elevate or minimize their worth as
an offering (Hertz 2004; MacDonald 2001; Oestigaard 2000). For example, frail
individuals may have been viewed as holding lesser importance in a society and thus
would not be considered a high value offering. The importance of children as human
victims of sacrifice would be contingent upon their status within the society in question;
some groups view children as a most treasured resource while others see them as noncontributing members and thus they might hold lesser worth as an offering (Hertz 2004).

2.3.a

Identifying Human Sacrifice

The forms and locations where human sacrifice has been practiced in the past span the
globe. Evidence of the practice is drawn from a variety of sources including artistic
representations, damage to the bodies of the victims, treatment of the remains and
historical documents (Aldhouse-Green 2001; Benson and Cook 2001a; Cobo 1990
[1653]; DeLeonardis 2000; Endsjo 2003; Green 1998b; Law 1985; Welsh et al. 1988). In
certain cultures, for example within some ancient Mesoamerican groups, the practice
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seems to have functioned as a regular means of socio-political control (Demarest and
Boone 1984; Sugiyama 2005; Tiesler and Cucina 2007), while other groups appear to
have practiced it more selectively (Huang 1989; Valeri 1985).
Identifying human sacrifice in the archaeological record is complex. Most often,
evidence of human sacrifice is circumstantial and open to multiple, conflicting or
complementary interpretations. Within the ancient record, a triad of related features
appears to be the most secure means by which researchers identify human sacrifice. The
location of a given burial, in particular its relationship to a sacred or ritual landscape
(either natural or artificial), should be a primary consideration. Second, evidence of post
mortem manipulation of the remains in a way that is inconsistent with the regular
mortuary rituals of the group (Tiesler and Cucina 2007). The third, and some authors
would argue most secure, indicator of human sacrifice is a pattern of damage to the
remains that speak to an unnatural and violent death (Kennedy 1995; Verano et al. 2001).
Often the proximity of a burial to either artificial or natural features on the landscape
can be indicative of special treatment at the time of death (Blom and Janusek 2004;
Bradley 2000). One suggestion by Sugiyama (2005) is that the location of the bodies can
be suggestive of ritual significance, and that individuals found in groups near monuments
should be examined for other indications that they were sacrificed. Burials situated
outside of the expected norms of a given society have been noted (Becker 1992; February
1996; Millaire 2004; Pearson 1999), thus caution must be exercised in drawing the
inference that a given burial was ritual in nature without supporting lines of evidence
(Becker 1992; Tiesler and Cucina 2007; Weiss-Krejci 2003).
Several researchers have suggested that the overall context of the grave is most helpful
in identifying victims of ritual immolation; however, this can be a challenging
proposition given the varied and complex mortuary practices of different cultures.
Violent death is not always a result of ritual behaviour, and even those who die a natural
death can be treated in unique ways for a variety of reasons. In cases where numerous
individuals are interred together, the demographic profile of the group should be
examined for an over-representation of a portion of the population. Finding numerous
individuals from a specific age grade or sex is a general indicator of selective process at
play, but the question remains as to whether the assemblage resulted from ritual
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immolation or an event unrelated to sacrifice such as a massacre, an epidemic
(Margerison and Knusel 2002; Pearson 1999; Verano and Ubelaker 1992) or secondary
burials (Middleton et al. 1998; Rakita et al. 2005). Fowler (1984) used the following
criteria to identify human sacrifice at Chalchuapa, El Salvador. He asserted that
decapitation or the amputation of limbs, combined with a relative lack of ‘normal’ grave
goods, consistency in body orientation, and the demographic structure of the group are
indicative of the sacrifice of war captives. Aldhouse-Green (2001) concurs, and argues
that the consistency of treatment of human remains (manner of death, demographic
composition of the group, location and position of the body, etc.) is likely the best
indicator of human sacrifice, when considered in the context of the mortuary program of
the population from which the sample is drawn. Other authors have also noted this
uniformity in handling as an indicator of human sacrifice (Cuncliffe 1992; Green 1998a;
Hughes 1991; O'Connor 1993).
Peri and post mortem trauma have been suggested as a means by which victims of
human sacrifice may be identified. Rogers (2004) argues that remains which demonstrate
clear evidence of peri mortem trauma and post mortem processing are the best indicators
of human sacrifice, but one must be able to distinguish between taphonomic processes
which mimic trauma inflicted during a violent death. Remains with cut marks can be
particularly confounding. Although several authors (DeLeonardis 2000; Olsen et al.
1994) have suggested that cut marks can be indicative of ritual sacrifice, others (Carr et
al. 1997; Smith and Brickley 2004; 2005; Verano et al. 2001) have noted that such marks
could easily have been left as a result of body processing unrelated to human sacrifice.
Lines of evidence unrelated to the body itself can also be informative. Visual
representations (such as those found on architecture or pottery) or written descriptions,
for example, may provide secondary evidence for human sacrifice or suggest contexts
within which groups may have performed these types of rituals, however these sources
must be viewed with caution. Historic documents are particularly challenging as the bias,
translation or interpretation of information by the writer often skews the presentation of
information to such an extent as to render the text wholly unreliable (Aldhouse-Green
2001). For the purposes of investigating human sacrifice in antiquity, the value of such
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resources lies in their potential as a starting point upon which research questions can be
structured and around which hypotheses may be tested.

2.3.b

Sacrifice in the Andes

Any investigation of human sacrifice in the Central Andean cultural area must first
consider that many ancient groups that inhabited the region processed the bodies of their
deceased in ways that could mimic human sacrifice. While many groups had unique
methods for preparing ancestral remains and the details of their mortuary rituals varied,
there appears to have been a very consistent belief in the afterlife (Bastien 1995; Ramirez
2005; Sillar 1992) and veneration of ancestors (Arnold and Hastorf 2008; Buikstra and
Dillehay 1995; Hastorf 2003; Rowe 1995; Salomon and Dillehay 1995) among groups
across the Andes. Common features of mortuary rituals practiced throughout the region
include specific funerary dress for the surviving family members, preparation of the body
into a mummy bundle and the hosting of a party that included music, beer and other food
and drink which were prepared specifically as offerings for the deceased (Cobo 1990
[1653]; Molina and Markham 1963 [1584]; Ondegardo 1963 [1608]).
Links to common ancestors drew groups together and created bonds between
communities as they continued to interact with the ancients at shrines built and
maintained for ongoing rituals (Hastorf 2003), but they also played a role in marking a
family or community's claim to land and resources (Salomon and Dillehay 1995). The
complexity of mortuary rituals practiced by these groups is a clear indicator of the
importance placed on the bond between living and dead. Across the Andes burials
formed the centerpiece of rituals that lasted for weeks to months, depending on the
socials status of the individual in question and the desired economic and political impact
of the event (Bauer 1996; Betanzos 1996 [1557]). The relationships between venerated
ancestors and living groups was one of ongoing interaction and devotion that was kept
intact by a series of tightly scripted rituals surrounding mortuary treatment of the body of
the deceased. Mortuary rituals surrounding intentional human sacrifice constituted a
completely different set of actions and behaviours.
In the Andes, multiple lines of evidence converge to suggest that human sacrifice was
not only practiced, but that in some areas and within some cultures, it was endemic.
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Andean sites dated as early as 5000 B.C. are thought to contain child sacrifices (Benson
and Cook 2001b), however these assertions are based on contextual evidence alone and
there is no direct physical evidence to support this argument. Other authors argue, on the
basis of the high level of detail (Benson and Cook 2001b) and anatomical correctness
(Cardenas Martin 1997) of imagery, that iconographic images on walls and pottery are
indicative of human sacrifice.
Ethnohistoric sources have been relied upon heavily by researchers exploring human
sacrifice in the Andes, but most are concerned with Inca practices in the highlands around
Cuzco (Betanzos 1996 [1557]; Cobo 1979 [1653]; 1990 [1653]; Cusi Yupanqui and
Bauer 2005; Molina and Markham 1963 [1584]), with little attention paid to regional
practices. The few chroniclers who do report on customs outside of Cuzco during Inca
expansion suggest that the practice of human sacrifice was a pan Andean tradition
exploited by the Inca during their reorganization of the Empire, but was not introduced
by them to the territories (Albornoz 1967 [1583]; Arriaga 1968 [1621]; Cabello Valboa
1951 [1586]). Most sources offer few details regarding the manner of sacrifice or the
type of offering; however they often outline the rationale behind the event, listing
important festivals and seeking assistance or benevolence from the spirits as primary
reasons for sacrifices (Montesinos 1920 [1644]; Velasco de Tord 1978).
Recognizing human sacrifice and differentiating it from the other forms of mortuary
treatment practiced throughout the region is challenging; however, Verano (1995; 2005;
Verano et al. 2001) and Besom (2009) have both developed models that outline
categories of human sacrifice and ritual death within a variety of settings.

2.3.c.

Models of Human Sacrifice

John Verano and colleagues (1995; 2005; Verano et al. 2001) have identified several
types of ritual human sacrifice in the Andean region, which were suggested by
ethnographic or iconographic sources and have been supported by the recovery of human
remains from similar contexts. Even though he recognizes the danger in accepting at
face-value such documents, Besom’s extensive review of ethnohistoric reports of human
sacrifice (2009) has led him to identify several categories of immolation based on the
types of victims selected and the purported rationale behind the ritual. Both authors
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argue that the number of individuals, demographic profile of the group and location of
the interment are key factors in categorizing human sacrifice and better understanding the
motives behind these rituals.
Sacrifices made as dedicatory offerings are most often located in or near monumental
architecture or an otherwise important natural feature. Verano (1995; 2005; Verano et al.
2001) identifies these types of sacrifice on the basis of their proximity to a notable feature
and lack of grave goods, and argues that individuals interred in these locations acted as
consecratory offerings during construction. Burials in and around the huacas at Pampa
Grande and at the site of Sicán are considered dedicatory in nature and Shimada notes
that hundreds of as-yet undiscovered burials are likely located under the mounds at Sicán
(1990; 1994).
Besom (2009) breaks dedicatory sacrifice down even further into two subcategories.
Runa sacrifice tends to involve a number of individuals offering themselves as sacrifice.
Normally the group demographic included young adult males buried in and around sites
of significance (Betanzos 1996 [1557]), however the victims occasionally included others
as well (Cieza de Leon 1963 [1538]). Dedication, in these instances, was not necessarily
to a building or monument, but to different deities responsible for weather or good
harvests removed (Fernández de Oviedo y Valdés 1959 [1535-1557]). Besom (2000)
also classifies high-mountain child sacrifices as dedicatory offerings. Various
researchers and authors have speculated on the frequency and nature of these events
(Ceruti 2004; McEwan and Van de Guchte 1992; Reinhard 2005), in which young
children of exceptional physical beauty were selected from all regions of the Empire,
brought to Cuzco where they feasted and were celebrated before being led out to the four
corners of the Empire to be sacrificed on the peaks of mountains. Buried in elaborate
funerary attire and grave goods, these sacrifices were reportedly carried out as regular
occurrences and festivals (Cobo 1990 [1653]; Guaman Poma de Ayala 1980 [1615]), and
are found only in the southern regions of the Inca Empire (Schobinger 1991).
Both Verano (1995) and Besom (2000) classify retainer sacrifice as the practice of
sacrificing multiple individuals to accompany the burial of a high status individual (as
identified by the quantity and quality of grave goods). The practice is not limited to the
Inca Period, and examples can be found across the Andes. The sites of Batán Grande
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(Shimada 2006; Shimada et al. 2004), Sipán (Alva and Donnan 1993) and San Jose de
Moro (Donnan and Castillo 1992) all date to the Moche Period and contain large
elaborate tombs with multiple burials. Some evidence suggests, however, that the
remains of individuals once thought to have been sacrificed upon the death of a high
status individual may in fact be secondary burials deposited over a period of time
(Millaire 2004; Verano 1997). In the majority of these burials, the remains of supposed
victims of retainer sacrifice do not demonstrate evidence of violent death but there are cut
marks on key areas of the skeleton that would suggest disarticulation of the bodies post
mortem.
Shimada et al. (2004) argue that the remains at Huaca Loro represent retainer sacrifice
not due to the physical evidence but due to the sheer number of individuals interred there,
the demographic of the burial population and how the remains were treated during the
interment. In the burial platforms at Chan Chan, Pozorski (1979) estimates that at least
300 individuals were interred in 14 distinct rooms in a structure specifically designed to
house the Chimú leader and his retainers. Skeletal remains recovered from the platform
indicate that individuals between the ages of 13 and 31 (all female, where sex could be
identified) were buried intact and that the site remained active after the initial mass burial
with some areas of the platform added after the original burial event. Narváez (1995) has
interpreted the burials on the top of Huaca Larga at Túcume as retainer burials as well.
Three males, one with distinctive burial goods suggestive of authority in Inca society, and
19 females were grouped together in several burial pits. Once these interments were
performed, the entire temple structure was sealed and then burned. As with the remains
from Chan Chan, there were no physical indicators of cause of death, but the group
demographics and burial patterns at both sites are consistent with ethnohistoric
descriptions of retainer burials. The remains of a large number of adult women were
recovered from near the Temple of the Sun at Pachacamac in a context that is somewhat
similar to those at Túcume and Chan Chan, although the grave goods found with these
burials tends to be of a lower quality than one would expect from a sacrifice in honour of
a deceased leader (Uhle 1991 [1903]).
The sacrifice of prisoners generally focuses on the selection of young adult males and
may have had less to do with spiritual needs than quelling rebellion in areas of recent
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conquest (Cieza de Leon 1963 [1538]; Sarmiento de Gamboa 2007), although some
warriors may have been kept as slaves (Betanzos 1996 [1557]). Besom (2000) suggests
that if captured military personnel were used as victims in ceremonies involving human
sacrifice, their remains should be recovered from a context that would have been highly
visible to the masses and that the remains would have been extensively mutilated to
achieve the maximum impact on observers.
At Huaca de la Luna (one of the two main monuments at the site of Huacas de Moche)
in the Moche Valley and at Pacatnamú in the Jequetepeque Valley, excavations have
revealed burials that are suggestive of mass prisoner executions, as outlined above. In a
plaza at Huaca de la Luna the remains of over 30 adult males were recovered from a
number of layers (Bourget 2006; Verano 2008), but none appear to have been
intentionally interred or prepared for burial, all had cut marks consistent with
decapitation and dismemberment (Hamilton 2005). In a nearby plaza at the same site, a
similar accretionary burial grouping of young males was located, although these
individuals also appear to have been bound and subjected to additional peri mortem
trauma (Bourget 1997; Hamilton 2005; Verano 2005; Verano et al. 2001). That the
individuals sacrificed at both of these locations were captured military personnel is
suggested by images in Moche fineline ceramics (Bourget 2006; Sutter and Cortez 2005;
Sutter and Verano 2007; Verano 2001). At Pacatnamú, at least three episodes of mass
sacrifice dating to the early Late Intermediate Period were found in a context similar to
that at Huaca de la Luna. The population demographics, evidence for decapitation and
mutilation and lack of care in burials are all similar in nature to those in the Moche
Valley (Verano et al. 1986) and biogeochemical analyses support the assertion that the
individuals sacrificed at Pacatnamú were not indigenous to the community (Verano and
DeNiro 1993).
Various forms of sacrifice were practiced by groups across the region over time that
do not easily fit within the categories outlined above. Isolated remains prepared
specifically for ritual purposes are not unknown and along the north coast of Peru
examples of offering of isolated skulls date back to the Early Intermediate Period (CordyCollins et al. 2001). Carefully prepared and opened skulls were found in the residential
areas at Huacas de Moche (Verano et al. 1999). Trophy heads are well known in areas to
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the south from earlier periods (Browne et al. 1993; DeLeonardis 2000; Forgey et al.
2005; Proulx et al. 2001; Verano 1995), and there is some evidence that at least some of
these individuals were not derived from the local populations (Forgey et al. 2005; Tung
2003; Tung and Knudson 2008). While ethnohistoric accounts suggest the practice of
preserving and modifying the heads of captured enemies was carried on by the Inca in the
Late Horizon (Betanzos 1996 [1557]; Guaman Poma de Ayala 1980 [1615]), none have
been recovered archaeologically (Ogburn 2007; Proulx 1989).

2.4

CLIMATE AND GEOGRAPHY

The geography of the region is a complex juxtaposition of desert with jungle, warm
coastline with frozen mountain peaks, and rolling grasslands with steep highland valleys.
The Peruvian landscape can be divided very broadly into three major zones, each with its
own unique character, climate and ecosystem: the coastal areas, the Andean mountain
range, and the Amazon Basin.
The Peruvian coastline consists of a long and narrow desert located between zero and
500 meters above sea level (masl) until it is overtaken by the low hills at the western edge
of the Andes (Figure 2.1). This arid desert coastline is split by fertile river valleys, which
narrow at the base of the mountains and fan out to form fertile alluvial plains (Moseley
2001; Sandweiss 1995). The valley system that defines the Andes constrains the choice
of settlement location and the vast majority of modern and known ancient settlements are
located near the valley floors and along the alluvial plains on the far west side of the
mountain range (Hayashida 2006). Generally speaking, the western side of the Andes is
dry, with summer rains between December and April. During the rest of the year,
moisture comes in the form of a persistent, low-lying fog that hugs the coastline and does
not penetrate very far inland.
The northern semitropical zone experiences moderate seasonal temperature changes,
with an annual average temperature of approximately 22ºC (maximum 33ºC and
minimum 17ºC), and an average annual rainfall of below 0.1 mm (Hoffmann 2003). The
extreme aridity of the north coast is caused by the sweep of the cold Humboldt Current,
which flows north from the Antarctic. The cool air blows inland over the coastline and
increases its ability to hold moisture as it warms, resulting in virtually no rainfall along
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Figure 2.1

Modern and archaeological sites along the north coast of Peru. After Pillsbury (2001:10),
with permission.
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the coast. It is only when these air currents reach the western flanks of the Andes that
they cool and begin to release their moisture. Thus rivers descending from the Andes in
northern regions generally have their peak volumes during the highland rainy season
(December to April). In winter, when clouds are trapped beneath a layer of warmer air,
little rain falls (von Hagen and Morris 1998). Every few decades a phenomenon known
as the El Niño Southern Oscillation (ENSO) affects the region, bringing torrential rainfall
and reversing the general seasonal patterns (Cane 1983; Quinn et al. 1987). Agriculture
along the coast is highly dependent upon artificial irrigation (Hayashida 2006; Pozorski
1987), and the local flora is marked by palm trees, coconuts, olive trees and papayas
(Chepstow-Lusty et al. 1996).
Eastward from the coast, along the edge of the desert are the temperate foothills of the
Andes, which give way quickly to areas of extensively terraced cultivated land. Rolling
grasslands fan out over the Altiplano, where herders graze their llamas and alpacas
(Laurencich Minelli 2000). Further east, between 500 and 2300 masl, is an uneven
landscape of narrow valley and deep gorges known as the Yunga, where clouds butt up
against the rising mountain range and drop between 50-200 mm of precipitation from
December and May annually (Tapley and Waylen 1990). The warm air, combined with
the increased precipitation, produce conditions favourable for orchards of avocado, plum
and citrus trees, as well as maize, peppers, sugarcane and coca (Dyer 1962). Further up
the slopes, between 2300 and 3500 masl, is the temperate, or Quechua, zone.
Temperatures range from -5 to 12ºC at night and from 15 to 25ºC during the day and
precipitation increases to between 500 and 1000 mm annually (Tapley and Waylen
1990). Extensive agricultural terracing at this level allows for the cultivation of oca,
quinoa and potatoes (Dyer 1962; Pulgar Vidal 1981). In the Suni and Puna zones (3500
– 4000 masl and 4000 – 4800 masl, respectively), the relief changes abruptly, agriculture
becomes more difficult and only hardy crops such as potatoes, barley and broad beans
thrive, while pasture lands for alpaca, guanaco and llama are plentiful (Dyer 1962; Pulgar
Vidal 1981). Temperatures at this elevation range from -10ºC in the valley bottoms
overnight to 24ºC on the plains at mid-day. In the Peruvian highlands, the dry season
falls between April and October, but during the rainy season more than 1000 mm of
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precipitation fall annually (Pulgar Vidal 1981; Tapley and Waylen 1990). Beyond the
Puna, in the Janca region, there are virtually no permanent human settlements; the region
is characterized by lichens, mosses and grass but is primarily covered by snow and ice
(Dyer 1962; Murra 1972).
As one moves eastward over the high Andes toward the interior, the mountain range
gradually gives way to one of the most biologically diverse regions on the planet: the
Amazon. The Front Forest is located between 4000 and 2300 masl, and boasts tropical
weather with an average annual temperature between 22 and 26°C. The Higher Forest
(2300-400 masl) has a more varied relief, with steep hills and plains along the valley
bottoms (Murra 1972). These warmer mid-slope forests release the moisture in rainfallladen clouds moving westward, resulting in the eastern slopes of the Andes receiving
more rainfall than almost any other region on earth, with an annual rainfall between 3000
and 15000 mm every year and an average daytime temperature between 25 and 32ºC.
Moving into the Low Amazon Basin, below 400 masl, the tropical forest takes over.
Temperatures range from an average of 22ºC overnight to an average of 31ºC during the
day. Rainfall varies from 2000 to 4000 mm annually, with high humidity all year long.

2.5

SITE DESCRIPTION

The archaeological site of Túcume is located in one of the northernmost coastal
valleys, the La Leche, (see Figure 2.1) approximately 33 km north of the present city of
Chiclayo and 20 km from the ocean. With 26 ceremonial structures covering over 220
hectares, Túcume is one of the largest and most impressive complexes in the Andes. The
monumental architecture at the site is grouped around a large natural outcrop known as
Cerro el Purgatorio (Figure 2.2) that provides the base for the site’s largest pyramid,
Huaca Larga, which measures almost 700 m in length, 280 m wide and was originally
about 30m tall (Narváez et al. 1995).
Túcume was noted in Spanish chronicles (Cieza de Leon 1984 [1550]) but was not the
focus of investigation until the 1930’s (Bennett 1939; Kroeber 1930), and its chronology
was not outlined for an additional twenty years (Schaedel 1951). Until the late 1980’s,
archaeological work at the site had been minimal, with only four known excavations
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(Bennett 1939; Kroeber 1930; Sandweiss 1995). In 1988 a multinational team began new
excavations with the goal of better understanding the site chronology, which resulted in
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Map of Túcume monumental architecture. After Narváez et al. (1995:78), with
permission.
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the publication of the seminal text for the site (Heyerdahl et al. 1995) as well as one
graduate research project (Rosas Fernandez 1996).
The site of Túcume was founded at approximately the same time as nearby ceremonial
centres were burned and abandoned, and was continually inhabited from the Late
Intermediate period (A.D. 900-1450) onward (Sandweiss 1995; Shimada 1981).
Investigators argue that Túcume initially served as a religious site and was slowly
transformed into an urban centre over time (Sandweiss 1995). By approximately 1350
A.D. the site had grown into a major regional centre and remained an important location
with ongoing monumental construction occurring through the Late Horizon (A.D. 14501532). Most of the huacas are located to the north and west of the cerro (hill), and are
believed to have been used as ritual and administrative structures that also housed elite
rulers (Heyerdahl 1995). The majority of monumental construction took place during the
Lambayeque occupation of the site, although subsequent Chimú and Inca groups added to
existing structures in addition to building new ones (Heyerdahl 1995). During Inca
times, architectural modifications were made to the site, however most of the
monumental structures were left unaltered and continued as active sites of ceremonial
importance (Narváez et al. 1995), which was consistent with the Inca practice of
incorporating local traditions into their overall religious practices (Ramirez 1990). The
site also includes three cemeteries, which have been extensively looted but which still
contain burials spanning the occupation of the site (Toyne 2008).
Archaeological strata reveal that near the end of the active life of the site numerous
areas were heavily flooded, presumably by El Niño rains that also washed out remnants
of an elite Inca cemetery. Shortly after this catastrophic event there is evidence for an
intense and prolonged fire atop one of the major temples that suggests either the burial of
an elite ruler or a mutiny by the inhabitants of the site against Inca rule (Narváez et al.
1995). Given that there is evidence for an intense burn at other temples throughout the
site but not across the residential areas, it is more likely that the site was burned and then
abandoned as a ceremonial centre only shortly prior to the arrival of the Spanish in 1532
(Moseley 2001; Sandweiss and Narváez 1995; von Hagen and Morris 1998). During the
1988 excavations, 73 relatively intact burials were uncovered from the otherwise heavilylooted Cemetery Sur (Southern Cemetery) on the south side of the cerro. Based on
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ceramics recovered from the graves, along with body treatment and position, burials were
identified as belonging to non-elite individuals ranging from the Lambayeque to Colonial
Period: Lambayeque (n=8), Chimú (n=44), Chimú/Inca (n=8), Inca (n=13), Colonial
(n=5) (Narváez et al. 1995).
Narváez (1995) reports that the Lambayeque burials cut through hearths and middens,
demonstrating the domestic nature of these burials during the earliest period of cemetery
use. Subsequent floors covered the burials and domestic activity continued above and
around the cemetery until the Chimú period, when the majority of individuals appear to
have been interred. A single chamber burial was located within the Cemetery Sur and the
principal individual interred here was of apparent importance. The volume of grave
goods, the quality of ceramic vessels, offerings of llama and the accompanying body of a
child laid at his feet, in addition to a unique body position for the time period, were all
indicative of some form of elite status (Rosas Fernandez 1996). By comparison, the
remaining burials clearly contained individuals of a lower social and/or economic status.
The observation of supernumerary teeth in several individuals at Túcume and a
comparison of craniofacial morphology between remains recovered from Túcume
(including the Cemetery Sur) and the highland site of Kuelap indicates that individuals
recovered from Túcume were most likely related to one another genetically (Toyne
2008).
Also during the 1988 excavations, the Stone Temple on Platform II of the Huaca
Larga was excavated and the remains of 22 individuals dating to the Inca Period were
recovered (Figure 2.3) (Heyerdahl 1995). Three males were individually bundled and
buried under numerous layers of textiles as a group in the northeast chamber. Based on
the quality of fabrics and goods included in the bundle, one of these three males was
identified as the last Inca ruler of Túcume. The other two males were thought to
represent attendants sacrificed upon his death (Narváez et al. 1995). In five burial pits in
another chamber, the remains of 15 adult females and four subadults presumed to be
females based on burial treatment and grave goods were recovered. The archaeological
context of these burials, most specifically the demographics of the grouping and the grave
goods recovered with these individuals, has led researchers (Narváez et al. 1995) to
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Figure 2.3. Huaca Larga burials. After Narváez et al. (1995:82), with permission.

suggest that the women may have been aqllakuna who were sacrificed to accompany the
Inca governor into the afterlife (Cobo 1980 [1653]; Molina and Markham 1963 [1584]).
Burial of this group appears to have occurred at the very end of the Late Horizon, as the
fill that buried these rooms was laid down in the early Colonial Period and the temple
was burned very shortly thereafter (Sandweiss and Narváez 1995).
In 2005, a small, enclosed courtyard in front of the Templo de la Piedra Sagrada was
excavated (Figure 2.4) and the remains of 117 individuals were recovered from 90 burial
pits (Figure 2.5). Preliminary analyses suggest that this collection represents the
accumulation of ritual human sacrifices over a period of up to 100 years (Toyne 2008).
Over 87 % of individuals either had their throats cut, were decapitated, or had their chest
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Figure 2.4. Plan of the Templo de la Piedra Sagrada. After Narváez et al. (1995:102), with permission.

cavity opened, presumably to remove the heart as part of a massive sacrificial event
(2008). Using pelvic morphology, cranial features and general robusticity, the remains of
most of the adults recovered from the Templo de la Piedra Sagrada were identified as
males. With rare exceptions, all the remains appear to have been treated in a similar
manner post mortem; bodies were positioned in an east-west orientation, wrapped in a
simple cloth and interred individually. There were no grave offerings recovered, and no
items of adornment or clothing were found (Toyne 2008). Spondylus shells and Ishpingo
seeds recovered from the patio near the burials indicate the ceremonial nature of the site
(Bourget 1994; Carod-Artal and Vasquez-Cabrera 2007; Montoya Vera 2004).

32

Figure 2.5

Excavations of the TPS burials in 2005, with burials included in this study
marked in grey. Adapted from Toyne (2008:78), with permission from Bernarda
delgado Elías, Tucume Museum.
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One possible explanation for this collection of remains lies in Andean cultural
practices having a long history of violence and conflict, both real and ceremonial (Arkush
and Stanish 2005; Benson and Cook 2001a; Blom and Janusek 2004; Conrad and
Demarest 1984; Cordy-Collins et al. 2001; Hill 2003; Lau 2004; Pillsbury 2001; Sutter
and Cortez 2005; Swenson 2003; Verano et al. 1986). Archaeologists have hypothesized
that the goal of many of these encounters was the procurement of individuals for
thepurpose of human sacrifice (Bourget et al. 2001). Given that Inca religious practices
were reportedly modeled, at least to some extent, on those of their predecessors (Bauer
1996; Cobo 1979 [1653]; McEwan 2006), it is possible that the Inca sacrificial rites may
have also utilized captured military personnel or those conquered in ritual battles.
A second possible explanation for the high number of remains recovered at the
Templo de la Piedra Sagrada involves self-sacrifice. One account of a large-scale human
sacrifice was recorded during the Spanish conquest of the north coast of Peru. This
event, which involved individuals volunteering both themselves and their children as
sacrificial offerings during festivals, was initiated and carried out on a local level, and
was apparently intended to alleviate or mitigate the stresses associated with occupation
and colonization (de Xerez and Markham 1872 [1534]). Several accounts also exist of
scheduled ritual sacrifice events revolving around the calendar, particularly during Inca
times (Cobo 1990 [1653]; Ondegardo 1963 [1608]), which may account for the size of
this collection.
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CHAPTER 3
STABLE ISOTOPES AND HUMAN MOBILITY:
THEORY AND METHODS

3.1

INTRODUCTION

Nutrients are taken into the body in the form of elements, which are defined as
“substances that cannot be broken down into other substances by ordinary chemical
methods” (Plummer et al. 1999:28). Isotopes of an element are atoms containing
different numbers of neutrons, but the same number of electrons and protons, and an ion
is a molecule that carries an electrical charge – either positive (cations) or negative
(anions). Each of these basic chemical entities has a role in the homeostatic balance of
the human body, and contributes to the visibility of ancient mobility within human
remains. The mass differences between isotopes of the same element cause them to have
slightly different bond energies, and therefore different reaction dynamics (Schoeller
1999). Fractionation of isotopes occurs when the proportion of heavy (e.g. 18O) to light
(e.g. 16O) isotopes change when moving from one phase to another (e.g. liquid to gas), or
from one discrete pool of molecules to another (e.g. blood to bone mineral).
Fractionation occurs under equilibrium conditions (e.g. high temperature or long-term
processes) or during kinetic reactions (e.g. evaporation, most biological reactions) (Faure
1986). Regardless of the conditions under which fractionation occurs, heavier isotopes
are slower to react than lighter isotopes of the same element and remain in the more
stable phase longer than their lighter counterparts (Faure 1986; Faure and Mensing 2005;
Murck et al. 1996).
Isotopes that are stable do not decay over time, and therefore the isotopic composition
of mineralized tissues provides information about conditions that existed when the tissue
formed, as long as the matrix has not been altered by post mortem processes, including
diagenesis. Isotopic compositions are calculated using the measured ratio of heavy-tolight isotopes of the same element in the sample relative to the ratio of heavy to light
isotopes in a universally accepted standard reference material. This difference is
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expressed as a delta (δ) value – in parts per thousand, or per mil (‰) – and is compared
to a known standard according to the formula given by Coplen (2011):
δ (‰) = [(Rsample/ Rstandard) – 1],
where R = ratio of heavy to light isotope
The use of isotopes in migration studies began with research into the seasonal
migration patterns of marine and avian species (Coote and Vickridge 1988; Fry 1983;
Killingley 1980; Killingley and Lutcavage 1983). Ever since, anthropologists and
archaeologists have been using this approach to examine human mobility in the past by
making comparisons between multiple tissues (Dupras and Schwarcz 2001; Goodman et
al. 2000; Manzanilla et al. 1999).

3.2

PHYSIOLOGY AND AUXOLOGY OF CALCIFIED
TISSUES

In order to understand how researchers can use human remains to examine the
mobility of past populations, a general understanding of the physiology and growth
patterns of relevant human tissues is necessary. The unique chemical signature left in the
bones and teeth of an individual as they age can reflect geographic relocation of an
individual over time. Although the body absorbs nutrients primarily from the food and
water consumed, the interactions between physiological processes and nutrients available
to the body are highly complex and not fully understood.

3.2.a

Bones

Bone is a highly specialized type of connective tissue that is distinguished from other
connective tissues in the body by both its hardness and its continuous remodeling. The
primary functions of bones, within the musculoskeletal system, are to protect and support
soft tissues, act as anchors for muscles, tendons and ligaments, and to work with muscles
to induce movement. Bone is also instrumental in the formation of blood cells, and the
storage of fat and calcium (White 2000). Each of these functions is a direct result of the
specialized composition of bone.
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3.2.a.i

Growth

All bone growth is the result of bone-building cells being deposited as replacement
for, and often on top of, pre-existing connective tissue (White 2000). New bone is laid
down at the beginning of skeletogenesis, the formation of the skeleton, or when a bone is
broken and in need of repair (Bonjour and Tsang 1999; Dixon et al. 1991; Hall 1992;
Hancox 1972; Itani et al. 1996).
The initial site in the bone where mineralization begins is known as an ossification
centre, and there may be several in a single bone. Each diaphysis and each epiphysis of
long bones arise from a single ossification centre (Ciba-Foundation 1973; Hall 1992), and
fuse only when the growth process is complete. Epiphyses become well mineralized, but
as long as growth is continuing in the shaft of a bone, mineralization only goes as far as
the growth plate between epiphysis and diaphysis (see Figure 3.1). The surface of the
diaphysis remains cartilaginous, and grows longer through the continual addition of new
material to either end of the shaft. When growth ceases, the addition of new cartilage
stops and ossification of the area begins. The cellular membrane surrounding the
cartilage can stop producing cartilage cells and begin to produce bone cells instead, thus
transforming itself into the periosteum of the bone surface. Alternatively, bone cells can
be imported from other areas of the body through the vascular system to slowly replace
the cartilage. Through either mechanism, the growth plate between the epiphysis and
diaphysis of the bone hardens and in time an epiphyseal line is all that remains to
delineate the two areas (Ciba-Foundation 1973; Hall 1992; Pyle 1961; Roche et al. 1978).

3.2.a.ii

Types

There are several different types of bone that are categorized primarily by their
density. Cortical bone is the thin external surface of bones. When it is solid and thick it
is called compact bone, and makes up the external wall of long bones. Trabecular, or
cancellous, bone is found in flat bones such as the vertebral bodies, ends of long bones,
and short bones (White 2000).
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Figure 3.1

Growth of long bone. From Endotext.org, with permission.
http://www.endotext.org/parathyroid/parathyroid1/figures/figure9.jpg.

3.2.a.iii

Layers

Mature bone is constructed in a series of differentiated layers. There are two layers of
external connective tissue, called periosteum. Rich in collagen strands called Sharpey’s
fibres, the stratum fibrosum is the outermost layer and it forms a dense network which
binds the fibres to the surface of the bone to form a strong skin (Lacroix 1951). Next to
the stratum fibrosum is the stratum osteogenicum, which contains blood vessels, nerves
and cells. It is this layer that is one of the most important structures for the regeneration
of bone tissue. Underneath this second fibrous covering, the articular surfaces of bone
are protected by a layer of cartilage. On the internal surface of bone is a thin structure of
flattened cells of connective tissue called the endosteum. This surface covers the
trabeculae of cancellous bone and the walls of the blood vessel canals. Protected by the
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endosteum are areas of red and yellow bone marrow, which aid in the formation of the
blood system and storage of fat cells respectively (Schultz et al. 1997).

3.2.a.iv

Chemistry

Bone consists of two components: an organic and an inorganic (mineral) fraction.
Only about 25 % of the organic component is dry, and 90 % of that is Type 1 collagen (a
fibrous protein found in dentin, cementum and bone). It is collagen, arranged in fibrous
bundles, that gives bone its tensile and torsional strength (Sandford 1995). The
remaining 75 % of bone is inorganic, and is made up of calcium phosphate in the form of
hydroxyapatite, which has a unit-cell formula that approximates Ca10(PO4)6(OH)2
(Neuman and Neuman 1958; Sillen 1989). The chemical composition of both its
crystalline and amorphous forms is somewhat variable, given the constant uptake and
loss of elements. A recent study by Warinner and Tuross (2009) highlights the structural,
chemical and isotopic complexities of biological hydroxyapatite. These authors suggest
that variations in the isotopic ratios of bone and enamel hydroxyapatite formed under the
same environmental conditions may be linked to crystallochemical differences between
the two tissues. While notions of variability in the crystallography and nano-level
chemical structure of bioapatites have some support in the medical community (Ganong
1987; Hancox 1972), there is no compelling evidence that such differences alter the
biochemical signatures of these tissues in any systematic manner.

3.2.b

Teeth

Aside from bone, teeth are the only other non-pathological mineralized tissues in the
human body. All human teeth are made up of three tissue types: enamel, dentin and
cementum. Enamel is the most durable and resilient product found in the human body.

3.2.b.i

Growth

Calcification of the deciduous dentition starts in the early period of foetal life. In each
tooth, dentin formation always starts before enamel. Odontoblasts just under the cusps
lay down predentin first, and dentin is built up as series of conical layers, stacking one
inside another, with space in the centre that becomes the pulp chamber (Hillson 1986;
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Steele and Bramblett 1988). Humans, like most mammals, shed their first set of teeth as
the permanent set develops.
Primary teeth develop in connection with the oral epithelium via the dental lamina,
and form a different dental arcade than do permanent teeth. While permanent molars are
developing in infancy and childhood, only deciduous permanent molars erupt into the
mouth; therefore the non-adult dental pattern is presented as 2.1.2 (2 incisors, 1 canine, 2
molars per quadrant) (Schwartz 1995). A total of 20 teeth erupt during infancy and are
evulsed during childhood (see Figure 3.2).
A total of 32 permanent teeth make up the adult dentition. They erupt during
childhood, through adolescence and sometimes into adulthood. Adult permanent teeth
grow in the same general manner as deciduous teeth, slowly pushing their way into the
jaw and maxilla as the deciduous teeth are lost. Because of their greater size and slower
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rate of formation than deciduous teeth, three to six years are required for the completion
of crown growth (Humphrey et al. 2000). Crowns develop first, through the continual
accumulation and mineralization of enamel. Root formation begins when the crown is
completed, and the time required for its completion depends on the rate of dentin
formation and the length of the root. The development of the canines requires the most
time, because of their long roots.

3.2.b.ii

Layers

Each tooth has an enamel-covered crown, which projects above the gum line and is the
hardest portion of the tooth, as well as a root or roots that are imbedded in alveolar bone.
Inside each tooth is a pulp cavity, which houses arteries, nerves and tooth-producing cells
called odontoblasts. The periodontal ligament holds the tooth in place against the
alveolus, joining it to a layer of cementum (FitzGerald et al. 2000; Steele and Bramblett
1988). Figure 3.3 is a schematic representation of the anatomical regions of a tooth and
its surrounding and supporting structures.

Figure 3.3
Anatomical regions of a tooth.
After Schwartz (1995:153),
with permission.

(After Schwartz 1995).
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The innermost part of each tooth, the pulp cavity, is filled with a relatively soft tissue
that is sensitive to trauma or changes in temperature and bodily chemical balance. Aside
from furnishing the tooth with vital nutrients, the pulp is also responsible for the
formation of the dentin as required, and carries the nerves that give dentin its sensitivity
(Ten-Cate 1998).
Surrounding the pulp cavity is a layer of dentin, which makes up the bulk of the tooth,
and is composed of dentine tubules and odontoblasts. Dentine tubules run parallel to one
another and in one direction, from the outer surface of the dentine to the pulp cavity
(Scott and Symons 1982). Dentin is laid down by odontoblasts in approximately daily
microscopic increments, and also within a larger rhythmic cycle of between seven and
twelve days. The patterning of this larger series is known as von Ebner lines (Ten-Cate
1998). In those teeth that have begun to calcify before birth, an accented band known as
the neo-natal line is found between the dentin formed before and after birth, and it is
produced by the change in nutrition and external environment (Scott and Symons 1982).
Hillson (1986) argues that dentin formation can continue through life if primary dentin is
exposed, and that as new layers are deposited along the pulp chamber, it may be difficult
to distinguish between primary and secondary dentin. Steele and Bramblett (1988),
however, point out that secondary layers can be distinguished from primary dentin by
their irregular microscopic structure, altered colour and texture. Dentin is surrounded by
an enamel coating at the crown, and by cementum in the root of the tooth.
Enamel covers the crown of the tooth that protrudes from the gum. Tooth enamel is
unique in that it has no definitive organic precursor, and its embryonic form is ectodermal
(outermost of the three primary germ cell layers; retains the capability of developing into
any other tissue) rather than mesodermal (middle layer of primary germ cells;
differentiates into bone, muscle, connective tissue and middle layer of skin) (Hillson
1986; Williams and Elliot 1989). Ameloblasts (the cells responsible for enamel
formation) cover the entire surface of the tooth bud and secrete enamel as the tooth
grows, but are lost as the tooth erupts into the oral cavity. In a manner similar to that of
dentin formation, enamel is laid in incremental layers called Striae of Retzius, which
appear primarily in permanent teeth. Where these Striae meet the surface of the enamel
they form microscopic furrows called perikymata, which manifest as tiny channels across
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the crown surface (Lazzari 1976; Ten-Cate 1998). Like dentin, enamel is marked by a
neo-natal line in teeth that have begun to mineralize prior to birth.
A thin covering of cementum surrounds the tooth root. Like dentin, cementum is laid
down in incremental layers annually throughout the life of the tooth, and the overall
thickness of the layer surrounding the root grows with time (Carlsen 1987; Lazzari 1976).

3.2.b.iii

Chemistry

Dentin is a composite of organic and inorganic mineral components, consisting of
approximately 75 % hydroxyapatite, 18 % collagen, 5 % water and 2 % trace materials
(Hillson 1986). In dentin, calcium phosphate, in the form of bioapatite, consists of
shorter prisms than in enamel; they are closer in form and mode-of-aggregation to those
occurring in bone or cementum (Hillson 1986). Dentin has a higher mineral content than
bone or cementum, but is always less mineralized than enamel (Lazzari 1976; Ten-Cate
1998).
The enamel matrix is very similar to inorganically produced hydroxyapatite in its
crystalline form (Scott and Symons 1982; Ten-Cate 1998). The crystals of enamel are
considerably larger than those of bone or other dental tissues, and are packed together to
make a very fine and dense crystalline mass that holds the organic component in
interstices (Hillson 1986). This mode-of-aggregation causes the enamel to be insensitive
to pain and unable to regenerate when destroyed (Ten-Cate 1998). The small portion of
organic material within enamel consists mainly of proteins and peptides concentrated in
planes radiating out from the enamel-dentin junction (Williams and Elliot 1989).

3.3

CONFOUNDING FACTORS:

Numerous events can disrupt normal growth of bones and teeth. Nutritional
deficiencies or excesses can cause changes in the growth rate, or halt growth entirely if
the stress is sufficiently severe or prolonged (Itani et al. 1996; Klepinger 1984).
Traumatic events can also alter the growth trajectory and rate, as can disease, illness or
metabolic disorders (Bailey et al. 1978; Dixon et al. 1991; Sullivan et al. 1978). The
amount of disruption is directly related to the duration and severity of the condition, as
well as its timing.

43
Not all growth disruption is identifiable in calcified tissues, although under certain
circumstances researchers can identify these events. Prolonged periods of nutritional or
metabolic stress leave markers on both bones and teeth, which are known as Harris Lines
and linear enamel hypoplasia, respectively (Clarkson 1989; Gindhart 1969; Goodman et
al. 1991; Harris 1931; Hummert and Van Gerven 1985; Park 1964; Sweeney and
Guzman 1966). None of the individuals included in this study display any such markers.
The absence of such markers does not eliminate the possibility that an individual suffered
from metabolic or nutritional deficiencies during childhood, but does suggest that any
such deprivation was acute and not survived by the individual.

3.4

ISOTOPIC ANALYSES OF HUMAN TISSUES

The timing of growth of teeth and bones enables the comparison of regions of
habitation and patterns of consumption among distinct periods of life. Bone reflects
location and diet over the last several years of life, while teeth reflect location and diet
during the ages of crown formation. The vast majority of nutrients enter the body via the
digestion of food and fluids, which allows soluble ions to enter the bloodstream directly
(Nnerdal 2000). Thus, the stable isotope ratios in the body are believed to reflect those
present in the local environment (Ambrose 1993; Bell et al. 2001; Buoso et al. 1992;
DeNiro 1985; Iscan and Kennedy 1989; Pate 1997).
The relationship between the composition of mineralized tissues and geographic
relocation arises from the natural systematic variations in the isotopes of particular
elements among geographic regions. Although several different isotopes have been
explored for use in investigating human mobility (Beard and Johnson 2000; Bol and
Pflieger 2002; Bowen et al. 2005; Cerling et al. 2006; Eerkens et al. 2005; Farmer et al.
2003; Hobson et al. 2004; Manzanilla et al. 1999), strontium (Sr) and oxygen (O) appear
to be most useful, hydrogen has recently been used on hair samples, and carbon (C) and
nitrogen (N) can sometimes be employed as proxy indicators for place of residence based
on dietary patterns. There are four possible general interpretations that can arise from
strontium and oxygen isotopic data for tooth enamel and bone, which are summarized in
Table 3.1.
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Table 3.1

Possible interpretations of isotopic data from bone and enamel.
LOCAL BONE SIGNAL

NON-LOCAL BONE SIGNAL

The individual lived in the region
during enamel formation but
LOCAL TOOTH The individual lived in the same
lived elsewhere during adulthood
ENAMEL SIGNAL region throughout their lifetime
or ate primarily non-local foods
during adulthood
NON-LOCAL
TOOTH ENAMEL
SIGNAL

The individual moved into the
region some time after enamel
formation

The individual lived outside the
region throughout their lifetime
and either moved shortly before
death or was brought to the site
after death

Complicating these interpretations is the possibility that human tissues have been
isotopically altered since deposition, as the intra vitam chemical structure of bones and
teethTable&3.1&&Possible&interpretations&of&isotopic&data&for&bone&and&enamel&
is not necessarily enduring. Human remains interact with the soils in which they are
buried, which can alter their mineralogical and isotopic compositions. The concept of
diagenesis was developed in geology to refer to the many processes that modify
sediments that make up sedimentary rocks following deposition in water (Berner 1980).
In bioarchaeology, the term is used specifically to describe post mortem alteration of the
chemical structure of human remains (Sandford and Weaver 2000). Spaces in the
skeletal tissues can be filled when soil minerals percolate into small crack and pores.
Soluble ions in soil may be exchanged for those within skeletal hydroxyapatite.
Recrystallization and growth of apatite crystals can occur as minerals are absorbed by the
surface of the material (Pate and Hutton 1988; Sillen 1989). It is a given that skeletal
material will undergo diagenesis; the concern in stable isotope analysis is whether or not
that alteration affected the primary biogenic isotopic ratios.
Secondary minerals such as calcite (CaCO3) and barite (BaSO4) may be deposited in
the pore spaces of the calcium phosphate structure of teeth and bone, thus altering the
strontium isotope composition of the tissues (Radosevich 1993; Sandford 1993). In
addition, biogenic apatite can be altered as trace elements from post-depositional
environments substitute for calcium in calcium phosphate and are converted to
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hydroxyapatite during recrystallization and crystal growth (Radosevich 1993; Sandford
1993). Typically cations of elements such strontium, barium and lead take the place of
calcium, while anionic group substitutions involve hydroxyl (OH-), phosphate (PO43-),
and crystalline surface positions (Sillen 1989). If such substitution continues for a
prolonged period of time, fossilization of the remains occurs as the transformation from
biogenic apatite to another mineral phase is completed (Pate and Hutton 1988).
Taphonomy consists of the study of the “processes that operate on organic remains
after death to generate archaeological skeletal deposits” (Micozzi 1991:3). Factors that
influence taphonomic changes include processes such as intentional disarticulation of the
body (i.e., cultural practices) and scavenging, and factors that contribute to preservation
or alteration such as site soil pH and chemistry, hydrology, temperature fluctuation,
geological activity and the original organic content of the material itself (Gilbert and
Blakely 1977; Micozzi 1991; Nielsen-Marsh and Hedges 2000a; Pate and Hutton 1988).
Porosity, density and amount of amorphous material may influence the susceptibility of
bone to diagenetic change (Buikstra et al. 1989; Lambert et al. 1982). Non-adult bones,
for example, often have a lower mineralized content than adult bones, and therefore are
often completely altered in situations where adult bone material survives (Buikstra et al.
1989; Sandford and Weaver 2000). Skeletal chemistry and microstructure effectively
ensure that elemental exchange between skeletal material and the burial environment will
take place. It is this propensity for ion exchange, through contact with many soil types,
that makes human remains especially vulnerable to post mortem alteration in elemental
composition (Lyman 1996; Pate and Hutton 1988; Radosevich 1989). One study found
that bioapatite is insoluble at soil pH of 7.5, but that solubility increases below a pH of 6
(Buikstra et al. 1989). The fact that levels of ion exchange differ in soils of varying pH
presents researchers with yet another set of challenges, since in many cases the pH of the
burial environment is not known.
Some skeletal elements are more vulnerable to chemical alteration than others. For
example, ribs are generally very porous and are therefore more sensitive to post mortem
processes than the more dense long bones, such as the femur (Lambert et al. 1982).
Because of the porosity and large surface area of bone, alteration is generally
concentrated on the outer surface. Mechanical cleaning (abrasion) can be used to remove
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altered material on the bone surface (Lambert et al. 1991; Price et al. 1992). Altered
bone below the surface can be removed by washing samples with weak acid to remove
diagenetic calcite (Nielsen-Marsh and Hedges 2000b; Price et al. 1992; 1994; Sillen
1986; 1989). Monitoring of the ratio of calcium to phosphorus (Ca/P) in skeletal material
can be used to identify altered samples (Price et al. 1994; Sillen 1989). Because calcium
is one of the most common cations found in groundwater, contaminated skeletal elements
have a much higher Ca/P ratio than the biogenic ratio of 2.1:1.
Bone is the focus of the vast majority of studies of diagenetic and taphonomic
processes, but here are only a few studies that examine the effects of those same
processes on dental materials (Budd et al. 2000; Martin et al. 2008; Schoeninger et al.
2003). The mineral composition of enamel, the large size of its phosphate crystals and
the small amount of pore space make it much less vulnerable to diagenetic alteration. An
undamaged tooth is virtually sealed to chemical interaction with the burial environment
(Coote and Vickridge 1988; Kohn et al. 1999; Shellis and Dibdin 2000). In contrast,
dentine, which has a higher organic content, smaller phosphate crystals and larger pores,
is more susceptible to diagenesis, particularly if exposed (Budd et al. 2000; Chiaradia et
al. 2003; Grupe et al. 1997b; Hillson 1996; Kohn et al. 1999; Price et al. 1994; Shellis
and Dibdin 2000).

3.4.a

Principles of Strontium Isotope Analysis

In the environment, strontium (Sr) is found in rock, groundwater, soil, plants and
animals, and is composed of different percentages of the isotopes 84Sr, 86Sr, 87Sr and 88Sr
(Faure and Powell 1972). Of these four isotopes, only 87Sr is radiogenic and formed over
time by radioactive decay from rubidium (87Rb, t 1/2=4.88×1010 years) (Faure and
Powell 1972). Although the strontium concentration of plant or animal tissue varies
according to its trophic position, the isotopic composition of strontium is not appreciably
fractionated during strontium transport through the ecosystem because the relative mass
differences among the four isotopes are comparatively small (Blum et al. 2000; Faure and
Powell 1972).
The strontium concentrations and isotope ratios in these materials vary according to
local geology. The range in bulk composition of the Earth’s surface at a specific location

47
and the variation in the age of the Earth’s surface ensure that the 87Sr/86Sr ratios are quite
variable (Faure 1986; Faure and Powell 1972; Palmer and Elderfield 1985; TorresAlvarado et al. 2000; Turekian and Kulp 1956). Very old (i.e., greater than 1 million
years) rocks that had very high Rb/Sr ratios, such as shales and granites, will have the
highest 87Sr/86Sr ratios such as 0.717 (e.g. Tricca et al. 1998). Geologically young rocks
will have lower Rb/Sr ratios and rocks of all ages that have very low Rb/Sr ratios, such as
basalts, also have low 87Sr/86Sr ratios (0.704) (e.g. Rogers and Hawkesworth 1989).
Marine chemical sedimentary rocks, such as limestones, will have a 87Sr/86Sr ratio near
the value of seawater (0.7092) (Veizer 1989).
The natural variation of strontium isotopes in the environment was first exploited by
geologists, who used it to date both igneous and sedimentary rocks (Wickman 1948).
More recently, researchers in archaeology, biology, geology and paleontology have
begun to use this variation for many purposes. Geologists now use strontium isotope
analysis to elucidate crust formation and evolution (McMillan et al. 1993; Noble et al.
1997; Rogers and Hawkesworth 1989) and magma production rates (Petford et al. 1996),
as well as to date igneous and sedimentary rocks, and the time of metamorphism of both
(Bachmann et al. 1985; Breitkreunz and van Schmus 1996; DePaolo and Ingram 1985).
Strontium isotope analysis is also used to: (1) track the migration patterns of animals as
diverse as salmon, mammoths and mastodons (Hoppe et al. 1999; Ingram and Weber
1999; Kennedy et al. 1997), (2) identify the geographic origin of illegally hunted
rhinoceroses (Hall-Martin et al. 1993) and elephants (Vogel et al. 1990), and (3)
reconstruct environmental changes (Aberg 1995).
Although archaeologists have used strontium isotope ratios to determine the
provenance of stone artifacts (Curran et al. 2001), ancient glasses (Freestone et al. 2003),
and maize and timber (Benson et al. 2003; English et al. 2001), most strontium isotope
analyses in archaeology have focused on answering questions about human migration
(Bentley et al. 2004; Ezzo et al. 1997; Ezzo and Price 2002; Grupe et al. 1997a; Knudson
and Price 2007; Knudson et al. 2004; Price et al. 2001; Price et al. 1998; Price et al.
1994; Price et al. 2000; Schweissing and Grupe 2003a; Sealy et al. 1991). Strontium is
incorporated into the human body through the consumption of food and water and, to a
lesser extent, respiration. Strontium substitutes for calcium in bioapatite during the
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development of teeth and bones because their atomic radii are similar (Ezzo 1994a;
1994b). Therefore, the isotopic ratios of bone and tooth strontium directly reflect the
isotopic ratios found in the plants, animals and water consumed during the time of tissue
formation, which in turn reflect the isotopic ratios found in the soil and bedrock of the
geologic region of origin for those consumables (Blum et al. 2000; Hodell et al. 2004).
In general, the human body does not discriminate against strontium. One exception is
that the placenta partially discriminates against strontium during nutrient transfer from
mother to fetus (Aufderheide and Allison 1995). Breast milk is also low in strontium as a
result of a metabolic block against strontium, and as a result, infant bone has low
strontium concentrations (Aufderheide and Allison 1995).
Tooth enamel, as described earlier, is composed almost entirely of calcium phosphate.
Strontium can substitute for the calcium (Ca2+) ions in this structure (Likins et al. 1960;
Nelson et al. 1986; Schroeder et al. 1972), and is usually found in concentrations of 50400 ppm in mature tooth enamel (Hillson 1996). Once the enamel has formed it does not
incorporate strontium from the body. Bone, however, contains a much higher percentage
of organic material, mostly collagen, than tooth enamel, and therefore continues to
incorporate dietary strontium into its structure throughout life (Lowenstam and Weiner
1989; White 2000).
If the strontium isotope ratios in a person’s tooth enamel and bone differ, it is possible
that movement occurred between different geologic zones after tooth formation (Ezzo et
al. 1997; Ezzo and Price 2002; Grupe et al. 1997b; Price et al. 2001; Price et al. 1998;
Price et al. 1994; Price et al. 2000). However, an individual with similar strontium
isotope ratios in both tooth enamel and bone still could have moved, but between
geologically similar locales. In addition, an individual who is defined as non-local based
on strontium isotope ratios may be so classified because of movement between two
geologically different regions, or because their diet catchment or consumption of nonlocal foods changed. In other words, although the strontium isotope signatures of the
local region are dependent on the geology of the region, local signatures will also be
affected by the source of food and diet catchment.
High-calcium foods contribute the most strontium found in tooth enamel and bone,
even though they may make up a relatively small part of the diet (Burton and Wright
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1995). Such high-calcium foods include leafy vegetables, dairy products and beans,
whereas grains, fruits, starchy vegetables and meat may have a less-pronounced effect on
bone composition (Burton and Wright 1995). Calcium (and thus strontium) can also be
added to the diet through food preparation. Maize, which was widely exploited as a food
source in the region, generally contributes very little to total calcium in the diet on its
own (Burton 1996), but maize is rarely processed without a calcium-based additive (e.g.,
calcium carbonate, calcium oxide) of some kind (Hastorf and Johannessen 1993; Morton
and Schwarcz 2004; Tieszen et al. 1993), which can contribute to the 87Sr/86Sr ratios
recovered from human tissues. A similar effect is found when sea salt is common in the
diet as it is high in both calcium and strontium (Burton and Wright 1995; Reid et al.
2002). For example, Wright (2005) notes an unexpected distribution of 87Sr/86Sr ratios at
the Mesoamerican site of Tikal, which she attributes to the ingestion of sea salt. Finally,
certain marine resources, particularly small fish such as anchovies (which are consumed
whole) or fishmeal (which contains bones) contain very high levels of calcium. The
calcium contribution of these resources could potentially dwarf the contribution of other
foods to bone and tooth enamel strontium isotopic composition (Burton 1996).

3.4.a.i

Previous strontium isotope research in the study area

Strontium isotope ratios as indicators of human relocation have been used by
researchers for about the past two decades (Beard and Johnson 2000; Bentley 2002; Budd
et al. 2004; Eckardt et al. 2009), and in South America only within the last five years or
so (Andrushko et al. 2008; Buzon et al. 2008; Conlee et al. 2009; Knudson and Price
2007; Knudson et al. 2004; 2005; 2009; Slovak et al. 2009; Wilson et al. 2007). Without
exception, these studies focus on tracing the movement of small groups in southern Peru,
northern Chile and eastern Bolivia, and they demonstrate that the geological diversity of
the Andes can be used successfully to identify non-local individuals. No such studies of
groups in northern Peru, including the study area, have been conducted to date and only
limited data are available for areas to the south and southeast.
The Andean region provides an excellent setting for strontium isotope analysis
because of its varied geology (see Figure 3.4). All along the Andes, the Quaternary
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Figure 3.4
Geology of South
America. Peru outlined in
red. After Jenks (1956:xii).
1. Precambrian
undifferentiated
4. Tertiary sedimentary
12. Devonian-Permian
basalts
13. Upper Triassic, marine
Cretaceous (0.7042)
19. Cretaceous
sedimentary
(0.7041-0.7045)
20. Precambrian
Phanerzoic
sedimentary
(0.7044-0.7045)
23. Cretaceous-Tertiary
volcanics
24. Quaternary-Tertiary
sedimentary (0.7041)
25. Upper Jurassic
volcanics
(0.7063-0.7079)
26. Ordovician-Silurian
sedimentary
(0.7059-0.7067)
27. Ordovician
sedimentary
28. Miocene volcanics
(0.7071-0.7079)
30. Quaternary volcanics
(0.7097)
87

Sr/86Sr ratios and ranges
from sources discussed in
the text.

Pleistocene-aged San Sebastián Formation includes sedimentary gravels, alluvial fan
sands, mudflows, diatomite, loams, clays and peats as relatively flat basins. To the south
and east, in the District of Cuzco, plutonic bodies of Paleocene origin are characterized
by quartz diorite (Salvador and Davila 1994). Strontium isotope ratios for these
geological materials are sparse in the literature, but values from the Arequipa volcanic
rocks to the south of Cuzco range from 0.7071 to 0.7079 (James et al. 1976; Lebti et al.
2006). In the region around Lake Titicaca and Tiwanaku, the bedrock is composed
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primarily of andesites and basalts beneath a layer of Quaternary lacustrine and fluvial
sediments, for which the strontium isotope ratios average 0.7097 (Argollo et al. 1996;
Binford and Kolata 1996). A third area, the Moquegua Valley, features a late Cenozoic
volcanic composition with a geologically defined 87Sr/86Sr range of 0.7055 to 0.7068
(Hawkesworth et al. 1982; Rogers and Hawkesworth 1989). To the north, as the Andes
stretch into Ecuador and Columbia, the range of strontium isotope ratios narrows to
between 0.7041 and 0.7045, where Cretaceous crustal rocks overlie a deep volcanic zone
comprised predominantly of basaltic andesite or andesite and are considered to be mantle
derived (Bourdon et al. 2003; Bryant et al. 2006; Harmon et al. 1984).
Most recent mobility studies involving strontium isotope ratios have employed faunal
material as a baseline instead of geological material, because researchers have argued that
bioavailable strontium may not be directly correlated to geological strontium isotope
ratios (Conlee et al. 2009; Knudson and Price 2005; 2007; Knudson et al. 2004; Slovak et
al. 2009). In testing this assumption, however, Hodell et al. (2004) found only small,
random differences between strontium isotope ratios of bedrock compared to those of
coexisting soils and plants. Nonetheless, given the different weathering properties of
minerals, it is difficult to predict how soils will differ from the bedrock from which they
are ultimately derived. Alluvial soils, for example, are a mixture of bedrock upstream,
which may vary greatly in composition. By measuring strontium isotope ratios in faunal
material, a range specific to a local area can be obtained. That said, in the absence of
faunal material and with the understanding that local geological variability can influence
87

Sr/86Sr ratios, geological strontium isotope ratios can remain useful as a general

baseline for ratios derived from human tissues. All along the Peruvian coast, including
the site under consideration here, alluvial deposits are composed of a heterogeneous mix
of materials, including tertiary rock, Mesozoic volcanic rocks and coastal granitic
batholiths which date to the Cretaceous period. Their geological strontium ratios range
from 0.7076 and 0.7079 (Palacios Moncayo et al. 1992) whereas biological materials
from the same area have somewhat lower strontium isotope ratios of 0.7063 to 0.7068
(Slovak et al. 2009).
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3.4.a.ii

Strontium isotope methodology

The preparation of all samples for strontium isotope analyses was carried out at The
University of Western Ontario; ashing of samples was carried out in the Laboratory for
Stable Isotope Science in the Department of Earth Sciences and thin sectioning/slide
mounting of samples for laser analysis was done in the Bioarchaeology Laboratory in the
Department of Anthropology.
All strontium isotope analyses were conducted under clean laboratory conditions at the
Great Lakes Institute for Environmental Research (GLIER) at The University of Windsor
under the direction of Dr. Brian J. Fryer using protocols outlined by Yang et al. (2011).
Correction for mass fractionation of strontium isotopes was achieved by normalizing to
the ratio of two non-radiogenic isotopes, conventionally 84Sr/86Sr set at 0.0564 (±std dev
0.000009) (Ramos et al. 2004). This procedure eliminates mass-dependent fractionation
arising from instrumental analysis and/or biological processes. To facilitate interlaboratory comparisons, Sr isotope data were reported relative to the NIST987 (NBS987)
standard.

3.4.a.ii.1

Soil Samples

Upon receipt in Canada, and in compliance with import regulations, samples were
autoclaved for 30 minutes at 6.8 kgs of pressure and 121°C to render them sterile. They
were dried at 65ºC for 24 hours, and then ~20 mg of autoclaved soil was removed to
another container and ashed in a Lindberg Blue M muffle furnace at 750°C for 12 hours.
Ashed samples were ground to 150-175 µm for chemical processing following a modified
version of the method outlined in Capo et al. (1998).
All samples were processed in acid-washed Teflon® beakers and vials, and evaporated
with filtered air under a fumehood. One gram of ashed soil sample was digested in 10g
of 1 % HCl in 22 ml Teflon® beaker and left for 12 hours to dissolve completely.
Samples were sieved through paper filters (triple-cleaned using 1 % HCl and rinsed with
ultra-pure Millipore water) and the collected leachate was transferred to clean Teflon®
beakers. Samples were evaporated to ~1 ml on a hotplate at 70ºC prior to introduction to
the ion exchange column for further purification.
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The cleaned sample (1 ml) was added to acid-cleaned disposable columns (Biorad®
Poly Prep chromatographic columns 0.8 x 4 cm) loaded with 8 ml of methanol-soaked
Biorad® analytical grade hydrogen form AG 50W-X8 (200-400 mesh) cation exchange
resin. The matrix was rinsed with 8 ml of 2N HCl to remove Rb and Ca, leaving behind
only Sr and rare earth elements; Sr was eluted with 4 ml of 4N HCl. The elution was
transferred to quartz vials, where they were further purified by super-heating using a
blowtorch to ensure that no organic materials remained. The ultra-pure sample was then
rehydrated in 4 ml of 4N HCl.
Once processed, 1 ml of sample was loaded into a NEPTUNE MC-ICP-MS (double
focusing high resolution multicollector ICP-MS), which was coupled with a Femtosecond
laser ablation solid sampling system. Strontium isotopes were analyzed directly and the
data normalized as noted above.

3.4.a.ii.2

Human Tissues

Three different sample preparation and/or analytical methods were tested for
methodological comparability. The first method employed Femtosecond Laser Ablation
Inductively Coupled Plasma Mass Spectrometry and followed the technique outlined by
Yang et al. (2011). This technique required that tissue samples be cut to a thickness of a
~1.25 mm using an Isomet low-speed saw (model #11-1280-17) with a Norton Diamond
Grinding wheel (101 mm diameter and 0.304 mm thickness), and hand finished by lightly
sanding on Anamet 400 grit Silicon Carbide disks. Enamel samples were sectioned
vertically, from crown to neck, in order to ensure that the entire period of tooth formation
was examined. Bone samples were drawn from a cross-section of mid-shaft rib bones.
Prepared samples were affixed to a glass slide with clear, double-sided tape and the
finished edge subjected to laser ablation, using a Femtosecond (Fs) laser. The laser beam
was rastered across the surface of the target sample, resulting in the collection of
approximately 300 points of data as ejected material was sent to the ICP-MS where
particles were vaporized and ionized in the plasma, and their Sr isotope composition
analyzed directly. Instrument settings are outlined in Tables 3.2 and 3.3.
The second technique tested in this research, the ‘conventional chemical method’, is
outlined by Knudson et al. (2004). This protocol required the cleaning of ~40 mg of
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Table 3.2

Femtosecond Laser Ablation settings.

Pulse Duration
Laser Repitition rate
Energy
Intensity
Bead Width
Raster Length
Standard

Table 3.3

Collector configuration of the Thermo Finnigan NeptuneTM MC-ICP-MS
used for LA-ICP-MS Sr isotope analysis.

Collector
Analyte
Isotopes
Gas-related
Interferences
Samplerelated
Interferences

<130 fs
100Hz
.704 mJ/pulse
0.85-0.95 volts
65 µm
2700 µm
NIST 610

L4

L3
167

83

Kr

Er
(83.5)

83

L2
84

Sr

L1
85

Rb

84

Kr

C

173

86

Sr

86

Kr

H1
Yb
(86.5)

166

Er

167

Er

Er,

Rb,

170

168

Yb

170

Er,

Yb

H3

H4

87

Rb

88

89

87

Rb,

176

Sr

Y

Kr

85
168

H2

172

Yb

173

Yb

174

Yb,

174

Hf

Yb,

176

Lu,

176

Hf
89

Monitor REE

Y,

178

Hf

sample by rinsing in a series of weak acetic acid and distilled water solutions, followed
by heating at 750°C for 12 hours to complete ashing. The ashed samples were ground to
<63 µm. Once ground, samples were transported to the clean laboratory at GLIER.
Extraction of Sr for isotopic analysis was carried out under clean laboratory conditions
designed to minimize ambient contamination. Samples were processed in acid-washed
Teflon® beakers and vials, and evaporated with filtered air. The sample was then
evaporated to remove organics and fluorides, and re-dissolved in dilute acid. Twenty
milligrams of ashed sample was processed using a combination of 8N HN03 and 1N HCl.
Analytical-grade acids and other reagents were all double distilled, and all water was
purified by filtration and ion exchange. To minimize matrix effects, rigorous matrix
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separation was necessary, which was achieved using ion chromatograph column
separation.
One-milliliter of dissolved sample was passed through a chromatographic column
(Biorad® Poly Prep chromatographic columns: 0.8 x 4 cm) containing a cation resin (8 ml
of methanol-soaked Biorad® analytical grade cation exchange resin, hydrogen form AG
50W-X8 Resin: 200-400 mesh), which was calibrated to separate Sr from other cations.
It was eluted with HCl and collected as SrCl2. After Rb and Ca were removed from the
sample by rinsing with 8 ml of 2N HCl, only Sr and rare earth elements were left behind;
Sr was eluted with 4 ml of 4N HCl. Finally, the sample was dried on a 70ºC hotplate and
rehydrated in 4 ml of 3 % HNO3. Samples were loaded as 1 ml aliquots into a
NEPTUNE MC-ICP-MS (double focusing high resolution multicollector ICP-MS)
coupled with a Femtosecond laser ablation solid sampling system.
The third sample preparation method tested was a variation of the conventional
chemical method outlined above. Approximately 40 mg of sample was cleaned via a
series of weak acetic acid and distilled water solutions. The modification made to the
conventional chemical method was to omit ashing prior to grinding the tissue samples to
a fine powder for chemical processing.

3.4.b

Principles of Oxygen Isotope Analysis

Oxygen (O) isotopes also vary in the environment in a systematic way, but in this
case, mostly as a result of differences in climate and geography rather than geology. The
isotopic composition of water consumed by plants and animals (including humans) is
mainly controlled by the composition of local meteoric precipitation. Water molecules
are composed of hydrogen and oxygen, both of which have multiple naturally occurring
stable isotopes. The ratios of these isotopes for each of hydrogen and oxygen are
reported with respect to the international standard Vienna Standard Mean Ocean Water
(VSMOW).
The δ18O and δ2H variations in precipitation are controlled mainly by evaporation and
condensation processes, and therefore vary with climatic and environmental variables
such as temperature, humidity, latitude, altitude and distance from the sea (Marfia et al.
2004; Yurtsever and Gat 1981). Isotopic fractionation of oxygen and hydrogen occurs at
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equilibrium during condensation, whereas kinetic isotope fractionation effects are typical
of evaporation. In addition, oxygen is relatively more affected than hydrogen during
evaporation under most conditions. If surface waters are found to have higher values of
δ18O and δ2H relative to meteoric precipitation, we might infer that evaporation has
occurred (Ayliffe and Chivas 1990), though in some cases, other process may also be at
play. ‘Lighter’ water molecules (e.g. H216O) evaporate more readily than ‘heavy’ ones
(e.g., H218O, HD16O), causing an enrichment in the heavy isotopes in the liquid phase. As
a result, the vapor has more negative values of δ18O and δ2H, and the residual water has
more positive δ18O and δ2H values (Mazor 1997). For example, in the hydrological cycle
this means that as waters evaporate and clouds form, those clouds will be enriched in the
lighter isotope and the rain that falls from them will have an isotopic composition lighter
than the body of water from which it was originally derived. As those clouds move
inward from the ocean and undergo repeated cycles, the precipitation becomes
progressively lighter, which is why precipitation falling at higher altitudes has more
negative δ18O and δ2H values than precipitation falling along the coast.
In temperate regions, cooler months are typically associated with lower δ18O and δ2H
values of precipitation. The amount of precipitation also has a significant impact on δ18O
and δ2H values. Large volumes of precipitation typically are characterized by lower (i.e.,
more negative) values for both oxygen and hydrogen isotopes because a greater fraction
of the moisture mass in the clouds has been condensed. The continental effect results in
progressively more negative hydrogen and oxygen isotopic compositions as one moves
away from coastal areas to higher altitudes and/or latitudes (the latter especially so in
North America). The effect of altitude in δ18O is normally about -0.26 ‰/100 m (Alley
and Cuffey 2001; Clark and Fritz 1997; Mazor 1997).
The average isotopic distribution of oxygen and hydrogen in fresh water is commonly
described by δ2H = 8δ18O + 10 (Craig 1961). This equation is known as Global Meteoric
Water Line (GMWL) and the slope of this line is controlled by factors such as the origin
of vapor mass, secondary evaporation and precipitation seasonality (Clark and Fritz
1997). The meteoric water line constructed from the δ18O and δ2H values of the local
rainfall in a given region is known as the Local Meteoric Water Line (LMWL). This line
is used as a reference for the observed distribution of isotopic composition of samples
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relative to the local precipitation. Other isotopic data such as those obtained from
groundwater or surface water can be plotted together with the local meteoric line to help
understand how these samples might be related to meteoric water (Edmunds and Droubi
1998).
Isotopic signatures of water are incorporated into phosphate and carbonate of
skeletons via body water (Luz et al. 1984). In the body, the oxygen isotope composition
of skeletal tissue is directly linked to that of oxygen consumed, which is controlled
almost exclusively by drinking water (Longinelli 1984). Biological processes alter (or
fractionate) oxygen isotopes quite readily through kinetic effects, unlike those of
strontium. However, mammalian skeletal tissues form at a relatively constant body
temperature so that the fractionation that does take place is very similar, both within and
between species (Bryant and Froelich 1995; Longinelli 1984; Luz and Kolodny 1985b;
Luz et al. 1984). Although there is some inter-species variation resulting from body
mass, diet and metabolism, a number of researchers have developed calibrations that
relate skeletal oxygen isotope ratios to those of drinking water. For humans, the
calibration developed by Levinson et al. (1987) has been most widely used. However, a
recent modification of this method by Daux and colleagues (2008) appears to allow for a
more accurate prediction of δ18Odw consumed, and reduces intra-sample variability over
the older formula. The Daux et al. equation (δ18Odw = 1.54 x δ18Op – 33.72) has been
used in several recent studies (Mitchell and Millard 2009; Perry et al. 2009; Smits et al.
2010; Webb 2011), and is adopted here.

3.4.b.i

Previous oxygen isotope research in the study area

Oxygen isotope analysis as a means of investigating human migration and mobility
has a longer history globally than strontium, but like strontium, has only been very
recently introduced to the repertoire of methods employed by researchers in South
America. Oxygen isotope studies in South America have focused almost exclusively on
ecological reconstructions and climate change in the very ancient past (Abbott et al.
2003; Hoffmann 2003; Liu et al. 2005; Morales et al. 2009; Wolfe et al. 2001), and
geological or mineralogical investigations for economic purposes (Fontbote and
Gorzawski 1990; Gouveia de Oliveria and Ventura Santos 2003; James et al. 1999;
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Macfarlane and Skinner 1999; Mahlburg Kay et al. 1999). Oxygen isotope data for
ground waters and precipitation in the area are sparse. Individuals who study
precipitation patterns have modeled theoretical oxygen and hydrogen isotope
compositions for the region, but no regularly maintained collection points exist in the
immediate study area (Bowen and Revenaugh 2003; Bowen and Wilkinson 2002b).
Prior to this research, no direct studies of the oxygen and hydrogen isotope ratios of
groundwater from the region were located. According to the models generated by Bowen
and colleagues, precipitation at the site of Túcume should produce δ18O values between
-5.9 and -5.0 ‰, and -39 and -32 ‰ for δ2H. Under conditions of low humidity, such as
is normally the case on the coast of Peru, the relative amount of 18O in surface water is
increased as 16O is preferentially lost during evaporation. As one moves further inland
and/or higher in elevation, the δ18O values of groundwater should get more negative. As
more water is lost to evaporation, we should see a pattern in hydrogen isotopes where
surface water also become enriched in hydrogen (Sharp 2007). Other factors that may
also influence the isotopic composition of groundwater in this region (Hewitt et al. 2008),
are explored further below.
Until this study, only a small number of researchers have applied oxygen isotope
analysis to questions concerning human mobility in South America (Knudson and Price
2005; 2007; Knudson et al. 2009; Webb 2011; Webb et al. in press). In combining
oxygen and strontium isotope analysis, these researchers were able to further refine the
current understanding of mobility in the south-central Andes between AD 500 and 1100.

3.4.b.i

Oxygen and Hydrogen Isotope Methodology

All sample preparation for oxygen and hydrogen isotope analyses were carried out
in the Laboratory for Stable Isotope Science, Department of Earth Sciences at The
University of Western Ontario. Oxygen and hydrogen isotope compositions of water
and phosphate samples are reported relative to Vienna Standard Mean Ocean Water
(VSMOW).

3.4.b.ii.1

Water Samples

Using an adaptation of the method outlined by Epstein and Mayeda (1953), water
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samples were analyzed for oxygen isotopes on a GasBench interfaced with a Thermo
Finnigan Δ Plus XL stable isotope ratio mass spectrometer in continuous flow mode.
One-milliliter of water was loaded into a 10 ml vial, which was then injected with 0.3
% CO2 gas and allowed to equilibrate for 18 hours at 30°C. Using helium carrier gas,
CO2 was then swept to the mass spectrometer for oxygen isotope measurement.
Along with each set of samples, four internal standards that were previously
calibrated to VSMOW and SLAP (Coplen 1996) were also analyzed.
Hydrogen isotope compositions were measured by reduction of H2O to H2 gas using
the method outlined by Coleman et al. (1982). Sixty mg of Indiana zinc was poured into
an evacuated Pyrex container under vacuum, and injected with aliquots of water samples
(2 µml each). The sample was reacted at 400˚C for 30 minutes to release H2 gas, and
then analyzed using a Micromass PRISM II stable isotope ratio spectrometer in dual
micro-inlet mode. Calibration of raw data and measurement of internal standards were
similar to the method employed in oxygen isotope analysis.

3.4.b.ii.2

Human Tissues

For oxygen isotope analysis of human tissues, this study followed a modified version
of previously published methodology for silver phosphate (Ag3PO4) precipitation and
subsequent oxygen extraction (Clayton and Mayeda 1963; Crowson et al. 1991; Firsching
1961; Stuart-Williams 1996; Stuart-Williams and Schwarcz 1995). This method requires
samples to be cleaned, powdered and dissolved to remove calcium and any organic
contaminants, and then precipitated as Ag3PO4. The Ag3PO4 was reacted with BrF5 to
produce oxygen gas, which was in turn reacted with graphite to produce CO2. The CO2
was then analyzed for its oxygen isotopic composition using a VG Optima dual-inlet
stable isotope ratio mass spectrometer.
In order to correct for the 18O enrichment of enamel resulting from breast-feeding,
oxygen isotope compositions were adjusted post-analysis (White et al. 2000; 2004c;
Wright and Schwarcz 1998). Permanent first molar values have been adjusted downward
by 0.7 ‰ and permanent canines and premolars have been adjusted downward by 0.35
‰, since enamel likely formed both pre- and post-weaning (White et al. 2000; 2004c).
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3.5

EVALUATING SAMPLE INTEGRITY

Three methods were used to assess preservation of original isotopic compositions by
the samples analyzed in this study. Post mortem change in bioapatite was assessed using
the crystallinity index (CI), which is a currently accepted method for evaluating the
extent of recrystallization. The CI of all samples was measured using Fourier Transform
Infrared (FTIR) spectroscopy as outlined by Shemesh (1990), Surovell and Stiner (2001)
and Wright and Schwarcz (1996). FTIR characterizes the composition and crystal
structure of a sample based on how the sample responds to IR radiation (DeNiro and
Hastorf 1985). Each peak in the IR spectrum represents the configuration of atoms as
they stretch or bend during irradiation, and the crystallinity index (CI) is determined
through an examination of the absorbance at 604 and 565 cm-1, which are peaks
reflecting the vibrations of phosphate ions within the bioapatite structure of the sample.
Wright and Schwarcz (1996) suggested that there is a greater resolution of these peaks in
samples with more ordered crystals. Other researchers (Nielsen-Marsh and Hedges 1997;
Shemesh 1990) have argued that there is no direct relationship between CI and structural
morphology, but rather that CI is more a reflection of crystal size, the degree of order of
those crystals, and carbonate substitution within the matrix.
The bioapatite crystals of unaltered bone apatite are generally small and less well
ordered; higher CI values should indicate greater crystallinity and therefore are
suggestive of recrystallization during diagenesis (Shemesh 1990; Wright and Schwarcz
1996). Some researchers have found that fresh bone generally has a range of CI values
between 2.6 and 2.8 (Nielsen-Marsh and Hedges 2000b; Wright and Schwarcz 1996),
although this range is slightly larger in archaeological material, i.e., between 2.6 and 4.0
(Garvie-Lok et al. 2004; Nielsen-Marsh and Hedges 2000b; Wright and Schwarcz 1996).
Crystallinity indices above 4.3 suggest extensive recrystallization and poor preservation
(Stuart-Williams et al. 1996; Wright and Schwarcz 1996). Low CI values are less
common and are indicative of samples that contain more carbonate than would normally
be expected (Pucéat et al. 2004; Shemesh 1990; Wright and Schwarcz 1996), although no
studies are known that investigate the ramifications of this phenomenon on the isotopic
compositions of human tissues.
Following established methodology for CI measurement, samples were ground and
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sieved to a particle size range of 45 to 63 µm. Pellets (12 mm in diameter) were made
from this powder by combining ~2 mg of sample with 200 mg of potassium bromide
(KBr) and compressing the mixture for 10 minutes using a hydraulic press set at 10 tons.
A Bruker Vector 22 FTIR Spectrometer was then used to scan the pellet. The CI was
calculated from the amount of splitting between the peaks of wave numbers between
approximately 563 and 603 cm-1 (Surovell and Stiner 2001). By looking for correlations
between CI values, Ag3PO4 yields, CO2 yields and δ18Op, the possibility of postdepositional alteration of the sample was assessed. If the intra vitam δ18Op value of
samples has been lost through systematic alteration resulting from diagenetic change, we
would expect to see a correlation between CI and the δ18Op composition of samples. A
correlation between Ag3PO4 yield and δ18Op value is to be expected if laboratory
precipitation of Ag3PO4 was incomplete and thus resulted in the preferential precipitation
of one isotope (16O or 18O) over the other, and if the conversion of samples to CO2 gas
was not complete a correlation between δ18Op values and CO2 yields will be present.
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CHAPTER 4
METHODOLOGICAL RESEARCH

4.1

COMPARISON OF ANALYTICAL METHODS FOR
87
Sr/86Sr RATIOS

Comparison of three analytical methods (direct analysis of untreated samples, analysis
of ashed and chemically isolated Sr portion of samples as outlined by Knudson et al.
(2004), and analysis of unashed but chemically isolated Sr portion of samples) was
carried out to ensure that the strontium isotope ratios produced were reproducible for
both tissues (bone and enamel), and that the results were sufficiently accurate to be
comparable to previously published studies that employed other analytical methods.
As described in the previous chapter, Femtosecond Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (Fs-La-ICP-MS) is a technique that is less
destructive, requires less sample preparation than traditional wet chemistry methods, and
enables microscopic control of tissue sampling (e.g., incremental growth regions,
unaltered tissues). There is, however, less control over the composition of the material
being analyzed (e.g., bioapatite phosphate versus bioapatite structural carbonate) because
both phosphate and carbonate are volatilized during the sampling process.
Theoretically, chemical separation of materials prior to analysis is preferred because it
allows for better control over sample composition and heterogeneity. However, the
isolation of phosphate for subsequent analysis, in particular, is expensive, timeconsuming and requires more sample than direct analysis via Fs-La-ICP-MS (CamposAlvarez et al. 2010; Knudson et al. 2004). To evaluate these alternatives, results
produced using Fs-La-ICP-MS have been compared with those produced using chemical
digestion and isolation of Sr using ion exchange columns, followed by isotopic analysis
following Knudson et al. (2004), as well as with a new variant of this chemical method.

4.1.a

Sample Selection

A subset of five adult women from the larger Huaca Larga study group (Table 4.1)
was selected for the strontium isotope comparison experiment as outlined above.
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Sample #

Age

Tooth

Bone

Table 4.1

R3 E1
R3 E2
R3 E3
R3 E4
R3 E5

25-30 yrs
20-25 yrs
20-25 yrs
20-25 yrs
30-35 yrs

UR M2
LL M2
LL M1
UL M2
LR M3

Rib #5
Rib #5
Rib #5
Rib #5
Rib #5

Inventory of samples used for
the strontium isotope method
comparison.

4.1.b

Results and Discussion

All 87Sr/86Sr ratios in this study were obtained using protocols summarized in Chapter
3. For enamel samples two distinct methods of sample preparation were compared, while
three different modes of sample preparation were investigated for bone samples (Table
4.2). Bone samples were: (a) chemically untreated but sectioned prior to direct laser
ablation (Laser), (b) reduced to ash (Ashed) in muffle furnace and chemically digested to
isolate Sr within the sample, or (c) chemically treated to isolate Sr without ashing (Raw)
prior to analysis. Enamel samples were either thick sectioned and mounted for direct
laser ablation (Laser) or were chemically digested to isolate Sr from within the sample
(Isolated) prior to analyses.
The 87Sr/86Sr ratios of enamel samples were determined using two approaches: (i) the
direct Fs-La-ICP-MS method, and (ii) the Sr isolation method of Knudson et al. (2004).
Each tissue was sampled twice, individually prepared and analyzed separately using each
method to ensure reproducibility, and for all samples the isotopic results from both
methods were identical to four decimal places. Testing for statistical significances
between the methods was not possible due to the small sample size. The instrumental
analytical error for all enamel samples analyzed by direct laser ablation in this portion of
the dissertation, calculated by using an in-house standard with every run, was 0.000120,
and for chemical treatment was 0.000009.
For enamel samples, the use of the Femtosecond laser appears to result in 87Sr/86Sr
isotope ratios that are entirely comparable to data achieved using the traditional, but more
destructive and labour-intensive Sr isolation method described by Knudson and
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Table 4.2

Samples from Túcume, Peru analyzed using variations of standard analytical methods as
described in Chapter 3.

BONE
Sample
R3 E1

R3 E2

R3 E3

R3 E4

R3 E5

Treatment
Laser
Isolated
Raw
Laser
Isolated
Raw
Laser
Isolated
Raw
Laser
Isolated
Raw
Laser
Isolated
Raw

ENAMEL
87

86

Sr/ Sr
0.7083
0.7078
0.7078
0.7084
0.7082
0.7081
0.7081
0.7078
0.7077
0.7081
0.7075
0.7079
0.7084
0.7080
0.7081

Sample
R3 E1

R3 E2

R3 E3

R3 E4

R3 E5

Treatment
Laser
Isolated
Raw
Laser
Isolated
Raw
Laser
Isolated
Raw
Laser
Isolated
Raw
Laser
Isolated
Raw

87

Sr/86Sr
0.7077
0.7077
0.7073
0.7073
0.7078
0.7078
0.7076
0.7076
0.7079
0.7079
-

colleagues. Because there were no differences in the 87Sr/86Sr ratios of the two methods
tested, direct Fs-La-ICP-MS was selected as the analytical method of choice for
examining the strontium isotope composition of enamel samples in the remainder of this
dissertation.
For bone samples however, direct Fs-La-ICP-MS consistently produced 87Sr/86Sr
ratios that were higher than those obtained by chemical dilution, regardless of whether or
not samples were ashed prior to treatment. In addition, results for bone samples analyzed
directly using the laser had an analytical error rate that was larger than that produced by
using the chemical dilution methods.
As the laser was rastered across the cortical bone sample surface it was noted that the
signal was less stable than considered optimal, and reducing the laser intensity to
minimize the depth of sample penetration had no corrective affect. The instability of the
laser signal was attributed to the porosity of the bone microstructure. Cortical bone
retains microscopic cavities that once accommodated blood vessels (Bass 1995; CibaFoundation 1973; Scheuer and Black 2000; White 2000), which cannot be sufficiently
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smoothed to produce a perfect surface for laser ablation. While the instrumental
analytical error for bone samples analyzed using direct laser ablation was similar to that
for enamel samples, the instability of the laser signal combined with the variation in
87

Sr/86Sr ratios resulted in the decision to reject this mode of analysis for the remainder of

bone samples in this dissertation.
Chemical digestion of samples normally calls for the reduction of samples to ash to
remove organic material and contaminants prior to Sr isolation. While 87Sr/86Sr ratios
and instrumental analytical error rate for isolated and raw samples were generally similar,
results for samples processed without ashing were not identical to those that were
reduced to ash prior to chemical processing. The difference between raw and ashed
samples likely stem from the fact that unless structural carbonate is removed from the
sample during ashing, it is volatized during the analytical phase along with the inorganic
phosphate portion of the sample, resulting in 87Sr/86Sr ratios that vary in an inconsistent
manner. For these reasons, and in order to ensure that the data produced in this study was
comparable to other strontium isotope studies within the region (Andrushko et al. 2008;
Buzon et al. 2008; Conlee et al. 2009; Knudson and Buikstra 2007; Knudson et al. 2004;
Slovak et al. 2009), it was decided that all further strontium isotope analysis of bone
samples would be carried out following the procedure of Knudson et al. (2004), which
included reducing bone samples to ash prior to Sr extraction.

4.2

OXYGEN ISOTOPE ENAMEL-BONE OFFSET
(δ18Op enamel-bone)

This component of the dissertation focuses on addressing concerns raised by previous
researchers regarding the efficacy of oxygen isotope analysis as a means of investigating
ancient population movement. A consistency in the offset between enamel and bone
oxygen isotopic compositions has been suggested, both in the structural carbonate and
phosphate portion of tissues, by several researchers.
In a feeding study utilizing swine, Warinner and Tuross (2009) found consistency in
the offset of structural carbonate isotope composition (δ18Osc) in bone and enamel of
~1.7 ‰. They suggest that these data are evidence for flaws in one of the base-level
assumptions underlying carbonate oxygen isotope studies (i.e. that variations between
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δ18Osc isotope compositions of tissues at an intra-individual level are most likely related
to changes in region of habitation), and that further testing is necessary before
interpretations drawn from δ18Osc values of these biological tissues are validated. They
attributed the offset to a difference in bioapatite formation and maturation between bone
and enamel. However, many studies in which carbonate oxygen was analyzed in both
enamel and bone (Dupras 1999; Dupras et al. 2006; Dupras and Schwarcz 2001; Dupras
et al. 2001; Thurston 2003) have not reported the same kind of offset as described for
structural carbonate oxygen by Warinner and Tuross (2009).
Research has shown that phosphate and carbonate acquire their δ18O compositions
from different resource pools within the body, incorporated into bioapatite via different
chemical pathways (Ambrose and Norr 1993; Gannes et al. 1998; Krueger and Sullivan
1984; Tieszen and Fagre 1993), and thus it cannot be presumed that the two would
demonstrate similar patterns in calcified tissues. In an experimental study measuring
phosphate oxygen isotopic compositions of rat tissues, Luz and Kolodny (1985b) noted
that changes in the oxygen isotope compositions of body water were linked to changes in
heat and water shortages, and argued that this prolonged exposure to increased
temperatures or lack of water would influence δ18Op values in hard tissues. They found
that a one-month exposure to increased temperatures resulted in an enrichment in 18Op by
0.8 ‰ in body water. And while their results were not statistically significant, they also
noted a general pattern of offset between bone and enamel δ18Op values of 0.8 ‰, with
enamel more enriched in 18O than in bone. Variations within each group were rather
small (≤ 0.7 ‰) and were in the same order of magnitude as their analytical
reproducibility of ±0.5 ‰). Therefore, while this study suggested an offset between
tissue types for phosphate oxygen, it could not be demonstrated conclusively.
However, an offset was found in two recent studies of human enamel and bone
phosphate (Metcalfe 2005; Olsen 2006) which demonstrated a Δ18Op enamel-bone
difference on the magnitude of that reported by Warinner and Tuross (2009) for structural
carbonate. In those studies, enamel δ18Op values for adults (except E 14/9, who was
under 1 year of age and E 44/8 who was between 11 and 16 years of age) were
consistently higher (1-2 ‰) than those of bone, which was attributed to geographic
relocation and/or post mortem alteration. The statistically-significant offsets observed in
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these two studies, which were both conducted on samples from the same region of Belize,
was tentatively attributed to post mortem diagenesis, notwithstanding crystallinity indices
that generally fall within the accepted range for unaltered samples (see Table 4.3).
Pooled data from these two studies show a mean offset of 1.6 ‰ (δ18Op bone = 17.8 ‰,
δ18Op enamel = 19.4 ‰). Methodological issues do not appear to have caused this offset.
Precision for both studies was good (±0.3 ‰) and there were no correlations between
δ18Op values and yields of either Ag3PO4 or CO2, which could be indicative of errors in
processing, as noted in Chapter 3.
Table 4.3

Isotopic data from Metcalfe (2005) and Olsen (2006).

(Dupras 1999; Dupras and

Schwarcz 2001; Dupras et al. 2001; Dupras and Tocheri 2007; Thurston 2003; 2004a; 2004b; White et al. 2002).

Metcalfe 2005
Bone
Location Sample δ Op
Chau Hiix,
36
16.8
Belize
45
17.7
57
16.5
72
17.2
74
18.0
84
18.2
131
17.5
137
16.8
142
18.2
158
18.1
18

Mean
Std. Dev.
Max
Min

17.5
0.6
18.2
16.5

CI

Olsen 2006
Bone

Enamel
18

CI

Location

2.7
2.9
2.9
3.0
2.9
4.1
2.7
3.2
3.1
3.1

δ Op
20.1
20.2
20.1
19.5
19.2
19.6
17.9
18.4
19.5
19.5

2.7 Altun Ha,
2.5 Belize
2.9
2.7
2.8
3.4
2.2
2.2
3.3
2.5

3.1
0.4
4.1
2.7

19.4
0.7
20.2
17.9

2.7
Mean
0.4 Std. Dev.
3.4
Max
2.2
Min

Sample
C 10/18A
C 13?
C 13/7
C 13/14
C 13/20
C 13/27
C 16/20
C 22/3
C 22/5
E 14/9
E 14/15B
E 14/18
E 44/2
E 44/3
E 44/5
E 44/7
E 44/8
E 44/9
E 44/13

Results shown in bold are the mean of methodological duplicates

18

δ Op
18.1
17.7
18.3
17.6
18.5
18.0
18.2
17.7
17.8
18.4
18.3
18.9
18.4
17.8
17.6
15.9
18.1
18.4
17.3
17.8
0.7
18.9
15.9

Enamel
CI
2.7
3.0
3.1
2.7
2.7
2.6
3.0
2.8
2.8
3.6
2.9
3.4
3.3
2.8
2.7
2.8
3.1
3.2
3.5
3.0
0.3
4.1
2.6

δ18Op
21.1
17.7
19.4
19.8
18.9
19.3
19.6
19.6
19.9
19.5
19.9
20.0
20.1
18.5
18.4
18.6
19.6
19.1
20.6
19.4
0.8
21.1
17.7

CI
3.2
2.8
3.4
3.0
3.0
3.2
3.4
3.0
2.9
2.8
3.2
3.5
3.3
2.7
3.5
2.6
2.8
3.0
3.3
3.0
0.4
3.5
2.2
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Smith et al. (2005) posit a possible explanation for the tendency for enamel to be
enriched in 18O over bone that focused on the appositional growth processes of apatite
crystals in enamel. They argue that during formation, enamel apatite crystals are bathed
in a minute amount of fluid with a unique ionic composition that creates a low buffering
capacity, resulting in the excretion of bicarbonate ions to neutralize the excess acid
generated by acidification during crystal growth. Given that some ameloblasts die off
over time, as the tooth grows there are fewer and fewer cells available to mitigate
increasing pH levels. Ultimately, this results in an uptake of nutrients into the enamel
structures that is uneven, with the highest gain during the later stages of development.
These authors also note that enamel is the only hard tissue in the human body where there
is “considerable postvolumetric expansion of crystals” after growth is complete (Smith et
al. 2005). They argue this results in a differential uptake of oxygen between bone and
enamel during tissue formation.
The methodological object of this present study is to determine if the phosphate
oxygen isotope offset between tissues occurs within a study designed to address the
concerns of researchers as noted above. Unless there is inter-tissue oxygen isotope
fractionation in bioapatite phosphate, enamel and bone of children formed at the same
time ought to have the same isotopic compositions. If metabolic differences exist in the
way oxygen is stored and utilized by each tissue, the majority of individuals analyzed in
this study should demonstrate a consistent enrichment in enamel 18O over bone,
regardless of geographic origin. If differences between the phosphate oxygen isotope
compositions of enamel and bone are related to localized post mortem alteration, there
should be site-specific variations between the tissue types, which reflect differences in
the environment in which the bones and teeth were maintained after death.

4.2.a

Sample Selection

To address the possibility that enamel phosphate is consistently enriched in 18O over
bone phosphate and evaluate the usefulness of enamel and bone phosphate oxygen
isotopic compositions for reconstructing mobility, the age of tissue development was
controlled in the current study. Samples were selected from children whose tissues were
developing simultaneously (Table 4.4). In order to further minimize the potential for
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error if enamel does, in fact, mineralize at a more rapid rate at the peak of maturation as
suggested by Smith et al. (2005), large sections of tooth enamel were finely ground prior
to chemical treatment so that enamel δ18Op values were a representation of the entire
formation timeframe and not of any specific stage of maturation. The age of individuals
was assessed using dental formation and eruption patterns following methods outlined by
Buikstra and Ubelaker (1994) and Hillson (1996). Teeth still embedded in the alveolar
bone were extracted using a Dremmel hand drill to minimize damage to the maxilla or
mandible. In order to address the possibility that any bone-enamel offset was related to
localized post mortem factors, tissues from exceptionally well-preserved children interred

Table 4.4

Samples used for the phosphate oxygen isotope bone-enamel offset study.
Tooth type noted in uppercase represents permanent dentition, while those noted in
lowercase reflect deciduous dentition.
Sample #

Age

Tooth

Crown
stage

Crown forms
between (m/yr)*

Bone

Kellis 2

B23

2 yrs

LR M1

C

birth-3 yrs

L rib #10

Kellis 2

B49

7-9 yrs

LR M2

C

2.5-8 yrs

L rib

Kellis 2

B192

7.5 yrs

LR M2

C

2.5-8 yrs

R rib #4

Kellis 2

B260

15 yrs

LR M3

C

7-16 yrs

R rib

Kellis 2

B295

12.5 y

LL M3

C

7-16 yrs

R rib #10

Kellis 2

B302

13 yrs

LL M3

C

7-16 yrs

rib fragment

Kellis 2

B505

7.5 yrs

LR M2

C

2.5-8 yrs

rib fragment

Kellis 2

B515

8-9 yrs

LR M2

C

2.5-8 yrs

L rib

Kellis 2

B520

7.5 yrs

LR M2

C

2.5-8 yrs

L rib

Altun Ha

C 13/10B

7 yrs

LL M2

3/4

2.5-8 yrs

L mandible

Altun Ha

E 7/3

11-12 yrs

LL M3

3/4

7-16 yrs

L mandible

Altun Ha

E 7/8

7-8 yrs

LL M2

C

2.5-8 yrs

L mandible

Altun Ha

E 7/10

12 yrs

LL M3

3/4

7-16 yrs

R mandible

Altun Ha

E 14/8

3-4 yrs

LR I2

C

3 m-5 yrs

L mandible

Altun Ha

H 1/25

6-9 mos

LL m1

C

3.5m (IU) - 7 m

L mandible

Altun Ha

K 32/5

7-8 yrs

LL M2

C

2.5-8 yrs

R mandible

Lamani

I 85-31

3-4 yrs

LR I1

3/4

6 m-5 yrs

R mandible

Lamani

I 85-42a

4-5 yrs

LR I1

C

6 m-5 yrs

R mandible

Country/Site
Egypt

Belize

*from Hillson (1996)
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at the Kellis 2 cemetery (Dahkleh Oasis, Egypt) were included in the study as a
counterpoint to the samples drawn from Lamanai and Altun Ha, both of which are
located in the tropical jungles of Belize and poorly preserved. Both of these
Mesoamerican sample sets are curated in the Department of Anthropology at The
University of Western Ontario.

4.2.b

Results and Discussion

Oxygen isotope compositions of bioapatite phosphate samples within each of the three
studies discussed below were obtained using the protocols outlined in Chapter 3. Results
for this component of the research are presented in Table 4.5. By pairing phosphate
oxygen isotopic compositions from enamel (which is metabolically inactive once it forms
during childhood) with bone (which is in a constant state of turnover throughout life)
from the same individual, researchers can begin to unravel patterns of residential mobility
in ancient populations.
In order to correct for the 18O enrichment of enamel resulting from breast-feeding,
oxygen isotope values were adjusted post-analysis (White et al. 2000; 2004c; Wright and
Schwarcz 1998). Permanent first molar values have been adjusted downward by 0.7 ‰
and permanent canines and premolars have been adjusted downward by 0.35 ‰, since
enamel likely formed both pre- and post-weaning (White et al. 2000; 2004c).
A series of two-tailed Mann Whitney U t-tests were performed in order to test for the
presence of methodological errors, diagenesis and relationships between tissue types.
There was no discernible relationship between δ18Op values and Ag3PO4 yields that could
indicate problems during processing or analysis or that one isotope (16O versus 18O) had
been preferentially precipitated over the other for either bone (Spearman’s ρ(16)=0.5,
p=0.038 two tailed) or enamel (Spearman’s ρ(16)=-0.1, p=0.577 two tailed). Separate
preparation and analysis of a small number (n=8, 25 %) of duplicate samples yielded an
analytical error of ±0.5 ‰. Only the relationship between tissue types was statistically
significant, and only in the Metcalfe (2005) and Olsen (2006) data sets (see Table 4.6).
The mean CO2 yield of the laboratory silver phosphate standard was 4.87 µm/mg,
which corresponds well with the theoretical yield of 4.78 µm/mg. Repeat analyses of the
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Table 4.5

Isotopic data for δ18Op enamel-bone offset study. (Hillson 1986)
ENAMELc

BONE
LOCATION BURIAL

AGE
(yrs)

18
18
TOOTH δ Op‰ YLD YLD CI δ Op‰ YLD YLD CI
a
b
a
b
VSMOW CO2 Ag3PO4
VSMOW CO2 Ag3PO4

Dahkla Oasis, K2 B23
Egypt
K2 B49
K2 B192
K2 B260
K2 B295
K2 B302
K2 B505
K2 B515
K2 B520

2
7-9
7.5
15
12.5
13
7.5
8-9
7.5

LR M1
LR M2
LR M2
LR M3
LL M3
LL M3
LR M2
LR M2
LR M2
Mean
Std Dev
Max
Min

15.4
15.9
14.8
14.0
16.3
15.6
15.0
15.6
15.7
15.3
0.7
16.3
14.0

5.2
4.9
5.2
4.9
4.2
4.9
5.2
5.0
5.1
5.0
0.3
5.2
4.2

0.9
1.0
0.7
0.8
0.8
1.0
0.8
0.8
0.8
0.8
0.1
1.0
0.7

2.9
2.7
2.8
2.7
3.0
2.8
2.8
2.7
2.7
2.8
0.1
3.0
2.7

15.8
15.4
15.0
16.0
15.0
18.1
14.9
15.3
15.9
15.7
1.0
18.1
14.9

5.0
5.1
5.1
4.9
4.8
5.1
5.2
5.1
5.1
5.1
0.1
5.2
4.8

1.3
1.4
1.5
1.5
1.2
1.5
1.2
1.3
1.4
1.4
0.1
1.5
1.2

3.3
3.3
3.0
3.0
3.4
3.1
2.8
3.1
2.8
3.1
0.2
3.4
2.8

LL M2
LL M3
LL M2
LL M3
LR I2
LL m1
LL M2
LR I1
LR I1
Mean
Std Dev
Max
Min

17.3
17.9
17.7
19.8
18.0
17.8
18.9
17.6
18.1
18.1
0.8
19.8
17.3

5.1
4.9
4.5
4.9
4.8
5.1
5.1
5.1
4.9
4.9
0.2
5.1
4.5

0.9
0.7
0.9
1.1
0.9
0.9
0.9
1.2
1.3
1.0
0.2
1.3
0.7

3.3
3.2
3.9
4.0
3.9
3.2
3.2
2.9
3.2
3.4
0.4
4.0
2.9

13.7
17.7
18.8
19.7
17.9
18.8
20.2
18.2
17.9
18.1
1.9
20.2
13.7

5.2
5.3
4.8
4.9
5.0
4.1
5.5
4.8
5.0
4.9
0.4
5.5
4.1

1.5
1.2
1.1
1.3
1.5
1.5
0.8
1.4
1.4
1.3
0.2
1.5
0.8

3.0
3.3
3.0
3.6
3.1
3.4
3.3
2.9
3.1
3.2
0.2
3.6
2.9

Altun Ha,
Belize

Lamani,
Belize

C 13/10B
7
E 7/3
11-12
E 7/8
7-8
E 7/10
12
E 14/8
3-4
H 1/25 6-9 mos
K 32/5
7-8
I 85-31
3-4
I 84-42a
4-5

a

CO2 yield in µmol CO2/mg Ag3PO4
Ag3PO4 yield (in mg produced/mg starting material)
c
Enamel values adjusted for breastfeeding effect (downward by 0.7 for m1, M1 and I)
Results shown in bold are the mean of methodological duplicates
Tooth type in uppercase are permanent teeth while those noted in lowercase are deciduous teeth
Crown formation: m1=3.5mos (IU)-7mos; M1=Birth-4yrs; M2=3-8yrs; M3=8-16yrs; I=2mos-5yrs
from Hillson (1986)
b

laboratory silver phosphate standard produced a δ18O value of 11.16 ±0.3 ‰ (VSMOW),
which compared well to its accepted mean value of 11.05 ‰. The mean CO2 yield of
4.99 µm/mg for the sample set was also very close to the theoretical yield of 4.78 µm/mg.
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Table 4.6

Comparison of Enamel versus Bone using a two-tailed Mann-Whitney U
t test.

Variables
Metcalfe
Olsen
Hewitt
* significant at the 0.001 level

p Value
* 0.000507
* 0.000003
0.669292

Reproducibility of results and analytical precision were determined through duplicate
sample precipitation, extraction and analysis, and were measured at ±0.5 ‰. All
crystallinity indices (CI) (n=36, mean = 3.1, SD = 0.34, range = 1.31) were within the
accepted range noted earlier (2.8-4.0) for archaeological materials. Therefore, it is
unlikely that the samples have been diagenetically altered through recrystallization.
Given that children’s bones are generally more porous and thus more readily susceptible
to diagenetic alteration than adult bone (Micozzi 1991), a higher mean CI value might
have been expected for bone relative to the adult bone used in the comparative studies.
This phenomenon was, however, not observed.
Using δ18Oenamel - δ18Obone = 0 ‰ as a baseline, it is clear that the samples analyzed by
Metcalfe (2005) and Olsen (2006) show a consistent pattern of enamel enrichment over
bone phosphate isotope composition while the δ18Op values obtained in this study
demonstrated no such uniformity (see Figure 4.1). Bone samples from Kellis 2 had a
mean δ18Op value of 15.3 ‰, while enamel compositions averaged 15.7 ‰; the
Mesoamerican portion of the sample set had identical mean bone and enamel δ18Op
values of 18.1 ‰ each. In all cases, these differences are less than or equal to analytical
error.
While Luz and Kolodny (1985) were the first to note a patterned offset between
enamel and bone oxygen isotopic compositions, their use of rats, the lack of statistically
significant differences between the oxygen isotopic compositions of bone and enamel,
uncontrolled developmental age and low reproducibility make this a poor comparison for
the current research.
The data suggest that the more complex dietary, and cultural behaviour of humans
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Figure 4.1

Comparison of differences between tissue types in δ18Op values from Metcalfe (2005),
Olsen (2006) and the current study.

4‰
3‰
2‰
1‰
Δ18O enamel-bone (‰)
-1 ‰
-2 ‰
-3 ‰
-4 ‰
Egypt
Belize
Hewitt

Belize
Olsen

Belize
Metcalfe

may limit our ability to adopt animal models in the interpretation of oxygen isotopic
results for humans. The pooled mean δ18Op values for both well (i.e., Kellis 2, Egypt)
and poorly (i.e., Altun Ha and Lamanai, Belize) preserved samples examined in this
study are higher than bone by only 0.16 ‰, a difference that is not statistically different
from the reproducibility (0.3 ‰) of the measurements made here. However, as a
precaution, for the remainder of this dissertation, I will use the most conservative
estimate possible to assess mobility in the archaeological material that follows. Given
that earlier research indicates that intra-population δ18Op can vary by between 1 and 2 ‰
(White et al. 1998; 2000), any intra-individual difference between enamel and bone δ18Op
values less than 1.5 ‰ will not be considered indicative of mobility, while any
differences between those tissues greater than 2 ‰ will be viewed as indicative of
residential relocation.
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4.3

DENTIN-ENAMEL COMPARISON OF δ18Op VALUES

In an attempt to expand the explanatory power of oxygen isotope analysis of human
tissues, a second methodological study was designed to investigate the possibility of
using phosphate from dentin in conjunction with, or in place of, enamel phosphate in
mobility studies.
In samples where only very small amounts of enamel are present (e.g. deciduous teeth)
or when destruction of the enamel crown is undesirable (e.g. in cases of dental
modification), the required quantity of enamel may not be available for oxygen isotopic
analysis. Because they form at almost the same time, enamel and dentin should have
similar δ18Op values if the tooth analyzed is intact. However once a tooth is worn to the
point where dentin is exposed, secondary dentin is formed (Hillson 1996), which
introduces the possibility that the tissues being compared did not form during the same
period. In addition, because of its crystal structure (discussed in Chapter 3), dentin is
more susceptible to post mortem alteration than enamel and, as such, exposure to the
burial environment can result in more significant changes to the original biogenic isotope
compositions.

4.3.a

Sample Selection

Seven individuals whose tissues were under development at their time of death were
chosen for analysis (Table 4.7). Samples were drawn from two distinct geographical
locations: Egypt and Belize. Enamel and dentin samples were isolated as per the
methods outlined above.

4.3.b

Results and Discussion

As noted previously, researchers using oxygen isotope analysis as means of
understanding human mobility traditionally sample only the enamel portion of teeth
during analysis, which forces them to exclude teeth with insufficient amounts of enamel.
The timing of primary dentin growth matches that of enamel and, in theory, could be
used in place of enamel if it can be demonstrated that the oxygen isotopic compositions
are the same, when formed under the same conditions. A test comparing dentin and
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Table 4.7

Inventory of samples used for the dentin-enamel study.

Tooth

Crown
stage

Crown
forms
between
(m/yr)*

Bone

7.5 yrs
7.5 yrs
8-9 yrs
7.5 yrs

LR M2
LR M2
LR M2
LR M2

C
C
C
C

2.5-8 yrs
2.5-8 yrs
2.5-8 yrs
2.5-8 yrs

R rib #4
rib fragment
L rib
L rib

11-12 yrs
7-8 yrs
7-8 yrs

LL M3
LL M2
LL M2

3/4
C
C

Country/Site

Sample
#

Age

Kellis 2
Kellis 2
Kellis 2
Kellis 2

B192
B505
B515
B520

Altun Ha
Altun Ha
Altun Ha

E 7/3
E 7/8
K 32/5

Egypt

Belize
7-16 yrs
L mandible
2.5-8 yrs
L mandible
2.5-8 yrs
R mandible
(* from Hillson 1996)

enamel oxygen isotope compositions for phosphate was carried out using the analytical
methods outlined in section 5.2.b. The non-adult samples selected for this study were
analyzed as part of the larger anthropological studies that follow, in which 25 % of the
sample set was prepared and analyzed in duplicate, with a cumulative analytical precision
of ±0.5 ‰. The results are listed in Table 4.8.
If the dentin sampled is unaltered, we expect its oxygen isotope composition to be
similar to that of alteration-resistant enamel from the same individual. While diagenetic
alteration must always be considered, the isotopic fidelity expected for the samples

Table 4.8

Intra-individual comparison of δ18Op values for dentin, enamel and bone.
DENTIN

SAMPLE
K2 B192
K2 B505
K2 B515
K2 B520
AH E 7/3
AH K 32/5
AH E 7/8

AGE
(yrs)
7.5 yrs
7.5 yrs
8-9 yrs
7.5 yrs
11-12 yrs
7-8 yrs
7-8 yrs

18
TOOTH δ Op‰ YLD
VSMOW

M2
M2
M2
M2
M3
M2
M2

16.0
15.2
15.7
16.0
18.1
18.7
18.7

YLD

ENAMEL
18
CI δ Op‰ YLD

CO2 Ag3PO4
5.0
5.0
4.8
5.1
5.2
5.0
4.7

1.2
1.1
1.2
0.9
0.9
1.0
1.2

VSMOW

2.9
3.2
3.1
3.2
2.8
3.1
3.8

15.0
14.9
15.3
15.9
17.7
20.2
18.8

YLD

BONE
18
CI δ Op‰ YLD

CO2 Ag3PO4
5.1
5.2
5.1
5.1
5.3
5.5
4.8

Enamel formation period: M2 = 3 to 8 yrs; M3 = 8 to 16 years (from Hillson 1986)
Results shown in bold are the mean of methodological duplicates

1.5
1.2
1.3
1.4
1.2
0.8
1.1

VSMOW

3.0
2.8
3.1
2.8
3.3
3.3
3.0

14.8
15.0
15.6
15.7
17.9
18.9
17.7

YLD

CI

CO2 Ag3PO4
5.2
5.2
5.0
5.1
4.9
5.1
4.5

0.7
0.8
0.8
0.8
0.7
0.9
0.9

2.8
2.8
2.7
2.7
3.2
3.2
3.9
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discussed here is high, given that all CI values for these samples are well within the
expected norms noted earlier for unaltered archaeological samples of bioapatite
phosphate. The data show that, with a single exception, the oxygen isotope compositions
of the dentin-enamel pairs yield values that fall well within the expected ±0.5 ‰ range of
one another. The δ18Op values for bone also follow this pattern (Table 4.8), as expected
for the remains of non-adults. Non-adults were selected for this study since all tissues
should be developing at the time of death and, in the absence of unknown intra-tissue
effects, should acquire the same phosphate oxygen isotopic compositions.
Sample AH K 32/5 is the lone exception in the dataset, in that dentin-enamel
difference is slightly larger (1.5 ‰) than expected for an analytical error of ±0.5 ‰ on
each analysis. The use of dentin as a proxy for enamel has been considered problematic
by some researchers due, in part, to the possible formation of secondary dentin in cases
where enamel wear or cracking has resulted in the exposure of primary dentin (Hillson
1986; King et al. 1999). However, the second molar of this individual was intact when
inspected visually. The individual in question is a 7-8 year old child, whose second
molar crown would only barely have finished forming at the time of the child’s death.
Even if the tooth was cracked microscopically, secondary dentin would have developed
so quickly after the original tissue was laid that there would have been insufficient time
for dietary changes to be reflected in the secondary dentin. In addition, the dentin and
bone for this individual have very similar δ18Op values. The δ18Op value of the enamel
from this individual is higher than all other samples in Table 4.8, which produces the
larger than expected dentin (or bone)-enamel offset. This sample has the lowest silver
phosphate yield among the enamel samples, and the highest CO2 yield among all
samples, which may indicate that minor analytical problems have led to slightly larger
than normal error for this particular sample.
Other researchers have argued that the isotopic records captured during mineralization
can vary by tissue, in large part, as a result of differences in the structure and matrix of
those tissues (Anderson et al. 1996; Clements and Brothwell 1963; Curzon et al. 1983;
Lazzari 1968). They have argued that the relatively small crystals of dentin are similar to
bone and may tend to mineralize in much the same fashion, which could result in an
oxygen isotope composition different from that of enamel, even within the same
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individual and tooth. In general, the data presented in the present study do not support
this argument. Instead, the results suggest that, in the absence of other indications of post
mortem alteration, the phosphate oxygen isotopic compositions of dentin, enamel and
bone samples forming at the same time within a single individual are remarkably similar.
In residential mobility studies, bone phosphate oxygen isotopic compositions are
representative of adult residency while enamel phosphate has traditionally been used to
represent the location associated with childhood. These data suggest that the phosphate
portion of primary dentin, in place of, or in addition to, that of enamel would be equally
reliable. In instances where it is preferable to refrain from destruction of enamel, or
where insufficient enamel remains for analyses, primary dentin should be viewed as a
potential source of information regarding childhood oxygen isotope composition.

4.4

ISOTOPIC BASELINES FOR INTERPRETING
MOBILITY IN PERU

The anthropological focus of this dissertation is dedicated to investigating mobility
within different burial populations recovered from the site of Túcume in northern Peru,
and to interpreting the significance of the presence of foreigners in those groups.
Movement patterns of groups and regions of origin can speak to social interaction across
landscapes and may suggest ways in which particular segments of a given group
(however group boundaries were defined) maintained their distinct identities or
subjugated them to the larger cultural influences. However, the isotopic composition of
any individual can only be used for identifying relocation if appropriate isotopic baselines
are available for the region. For this study, water and soil samples were collected at
varying distances from the ocean and at varying elevations along the north coast of Peru
(Figure 4.2) during July 2007. Soil samples were analyzed, according to the protocols
outlined above, to obtain baseline 87Sr/86Sr ratios while the water samples were analyzed
to obtain baseline δ18O and δ2H values for the area. Although neither soils nor surface
and groundwater completely reflect biologically available strontium or oxygen, they
provide a useful starting point against which to compare data for human tissues (Curtis et
al. 1996; Price et al. 1998; Schweissing and Grupe 2003b).
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Túcume

Túcume

Figure 4.2.

Map of collection points for water and soil samples. Courtesy of the University of Texas
Libraries, The University of Texas at Austin.

4.4.a

Soil Sample Selection

Because specific rock types of a known age have reasonably well-known Rb/Sr ratios,
it is possible to estimate the range of strontium isotopic compositions for a given region

79
(Beard and Johnson 2000; Budd et al. 2000; Hodell et al. 2004; Torres-Alvarado et al.
2000). Such baseline data can then be used in studies of the relocation and mobility
patterns of humans. However, local geological conditions may not accurately reflect
generalized bedrock maps, making such estimates of strontium isotope ratios subject to
very large uncertainties. Strontium isotope analysis of local soils provides one possible
solution to this problem. While some authors report that strontium may be introduced or
removed from the agricultural layer during weathering processes (Castorina and Masi
2008), others have found that soils provide a good estimate of the strontium isotopic
composition of the geological substrate (de Souza et al. 2010). Given the lack of
fractionation of Sr through the food chain, 87Sr/86Sr ratios of local soils can be used to
generate more accurate baseline data for specific sites (Blum et al. 2000). As discussed
in Chapter 3, the isotopic composition of mobile strontium available for uptake into food
sources can be measured by directly sampling the soils where food is grown. Previous
research has provided some baseline Sr isotopic data for areas of southern Peru (Knudson
and Price 2007; Knudson et al. 2004). However, comparable data appear not to exist for
its northern regions, hence the need to begin to address that deficiency here.
As a first stage test, twelve soil samples were gathered between central and northern
Peru during July 2007 (see Figure 4.3 and Table 4.9). The samples were collected from
fields supporting an assortment of outcrop types and from a variety of geological zones.
For each sample, between 40 and 50 g of soil was collected from approximately 15 cm
below the surface and sealed in 125 ml polypropylene bottles using parafilm and
autoclave-safe tape.

4.4.a.i

Soil Baseline Results and Discussion

Soil samples collected during July 2007 were analyzed for their 87Sr/86Sr ratios,
following the protocols reviewed in Chapter 3; results are summarized in Table 4.10. As
with the human tissues discussed previously, all soil 87Sr/86Sr ratios were normalized and
corrected for background interference as determined through the use of an in-house
standard. The average instrumental analytical error for the soil samples was ±0.0000080.
In soil studies of the kind undertaken here, natural variations in 87Sr/86Sr ratios are
generally considered to be significant to three or four decimal places.

80

0

150

300 km

Figure 4.3. Map of collection points for soil samples. Courtesy of the Geological Society of America.

In comparing the soil 87Sr/86Sr ratios to specific geological substrates, there is
generally good agreement from areas of intrusive Cretaceous-Tertiary bedrock, as
reported by Petford et al. (1996) with only one sample yielding a ratio outside the
expected range. However, only one of the two soil samples from the Tertiary-Quaternary

81
volcanic region fell within the expected range reported by Cobbing et al. (1977). The
interpretation of 87Sr/86Sr ratios for clastic sedimentary rock is inherently difficult
because they are typically physical mixtures from a range of sources, not all of which
have been analyzed in this region.
Table 4.9

Inventory of soil samples collected during July 2007.

Date
9-Jul-07
8-Jul-07
24-Jul-07
5-Jul-07
4-Jul-07
4-Jul-07
2-Jul-07
12-Jul-07
13-Jul-07
15-Jul-07
15-Jul-07
22-Jul-07

Crop Type
Cotton
Corn
Wheat
Onion
Sugarcane
Pasture
Sugarcane
Corn
Fruit
Avocado
Alfalfa/Corn
Artichoke

River / Site
Piura/La Union
Lambayeque/Mochumi
Cajamarca
Jequetepeque
Chicama/Magdalena
Moche/Otusco
Moche
Virú/Huacapongo
Chao/Buena Vista
Nepeña/Moro
Nepeña
Huaraz

Sample
W049
W035
W117
W017
W011
W005
W002
W061
W067
W087
W083
W105

Soil Samples - Peru
- Collection Summer 2007
87
Table 4.10
Sr/86Sr ratios of Peruvian soil samples.
Sample
W002
W061
W067
W083
W105
W005
W087
W011
W035
W049
W017
W117

Valley/Site

Bedrock Type

Measured
87

Sr/ Sr
0.7063
0.7056
0.7064
0.7080
0.7059
0.7060
0.7089
0.7106
0.7080
0.7086
0.7085
0.7105

Moche
Intrusive Cretaceous-Tertiary
Virú/Huacapongo
Intrusive Cretaceous-Tertiary
Chao/Buena Vista
Intrusive Cretaceous-Tertiary
Nepeña
Intrusive Cretaceous-Tertiary
Huaraz
Intrusive Cretaceous-Tertiary
Moche/Otusco
Tertiary-Quaternary Volcanics
Nepeña/Moro
Tertiary-Quaternary Volcanics
Chicama/Magdalena
Quaternary Sedimentary
Lambayeque/Mochumi
Quaternary Sedimentary
Piura/La Union
Quaternary Sedimentary
Jequetepeque
Cretaceous Inferior Sedimentary
Cajamarca
Cretaceous Superior Sedimentary

Results shown in bold are the mean of methodological duplicates
*from Petford et al. (1996)
**from Cobbing et al. (1977)

Correl. Source Field and Sr
df=10, signif if >0.576 @ p=0.05

86

No

Mann-Whitney U btwn Source Field and Sr values = P=0.00161282
The diff between the samples is highly significant (P < 0.001, two-tailed test).

Predicted
87

Sr/86Sr
.7055-.7064*
.7055-.7064*
.7055-.7064*
.7055-.7064*
.7055-.7064*
.7077-.7095**
.7077-.7095**
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At first glance, it appears that there is less agreement among groups of samples for
regions with the same underlying bedrock that is desirable for our purposes. A cluster of
sites (W002, W061, W067, W105 and W005) yields an 87Sr/86Sr ratio of approximately
0.706 (Figure 4.4), which is expected for areas sitting on intrusive Cretaceous-Tertiary
bedrock, but not for the site over Tertiary-Quaternary volcanics (W005). In the Moche

0

Figure 4.4

150

300 km

Map of 87Sr/86Sr ratios from soil samples collected in July 2007. Google Earth
(Version 5.1.3533.1731).
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Valley, the sample closer to the coastline (W002) is within the predicted 87Sr/86Sr ratio
for the bedrock type while the sample from further inland and at a higher elevation
(W005) is not in line with the range for its underlying bedrock. Given the broad nature of
geological maps and the proximity of the sampling location to the border between the two
regions of differing bedrock types, I would consider that sample W005 most likely sits
above a bedrock composed of intrusive Cretaceous-Tertiary bedrock and that its inclusion
in the category of Tertiary-Quaternary volcanics is an artifact of the scale of the
geological mapping.
Sample W083 from the Nepeña Valley has a measured ratio of 87Sr/86Sr of 0.7080,
which is outside the predicted range of 0.7055-0.7064 for intrusive Cretaceous-Tertiary
bedrock. However, a second sample from a higher elevation in the Nepeña Valley
(W087) has a 87Sr/86Sr ratio of 0.7089, which is in line with the predicted value for the
Tertiary-Quaternary volcanics (0.7077-0.7095) that underlie that area. It is possible that
in this case sediment was washed in from higher elevations where the underlying bedrock
was of a different type, resulting in a Sr signature that is in keeping with the matrix from
which it originated but out of line for the underlying bedrock of the area sampled.
Differences between samples at the fourth decimal place are not unexpected given that
soils recovered from valleys are likely to be a mixture of materials washed down from
higher elevations, which may or may not match the underlying substrate. Visible detritus
was removed upon inspection of the soil samples prior to processing, but it is possible
that small amounts of anomalous material remained. The measured differences in
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Sr/86Sr ratios at the third decimal point, however, likely indicate that the area sampled

has a Sr isotope signature different from the presumed underlying substrate. The high
level of tectonic activity in the Andes has produced a geologically complex region that is
very unlikely to be as homogenous as generalized geological maps suggest. In fact,
farmers may specifically select an area for seeding of particular crops because the local
soil composition generates higher yields than surrounding fields. It is difficult to say,
given the small number of samples analyzed, if the results obtained in this study are truly
an accurate reflection of the regional variability or if the data are skewed by outliers that
would be more apparent within a larger sample set. However, given the general
agreement of soil samples to 87Sr/86Sr ratios predicted on the basis of geological maps, I

84
would argue that in the absence of other data, such maps can be used as a tentative means
of identifying areas of origin for individuals who are considered foreign to the area of
their interment until a more complete baseline dataset exists.

4.4.b

Water Baseline Samples

Determining the range of local oxygen and hydrogen isotope compositions can be
achieved by sampling local water sources, by calculating the expected ranges of isotopic
compositions in precipitation, and/or by analysing other materials (i.e. proxies) that
record these δ18O and/or δ2H values. The oxygen and hydrogen isotopic compositions of
groundwater are mostly derived from precipitation in the aquifer recharge zone, which
may or may not be located within the area of study. The oxygen and hydrogen isotopic
compositions of surface water are modified from those of the source water by
evaporation, the extent of which is determined by climatic conditions in the area and the
residence time of the water in the river, canal or lake (Sharp 2007). Bowen and
colleagues (Bowen and Wilkinson 2002a; Bowen and Revenaugh 2003) have combined
location, altitude, latitude and longitude with maps of weather patterns to predict the δ18O
and δ2H values in broad regions. These results, however, are based on monthly samples
of precipitation, which do not necessarily reflect the δ18O and δ2H values of groundwater
or surface water consumed by residents.
In investigating the possibility that predicted δ18O and δ2H values from precipitation
studies could serve as baselines for the area studied here, it was discovered that previous
sampling coverage was inadequate for our purposes. Across the entire northern region of
Peru only three systematically maintained precipitation collection stations exist, set at
great distances apart. To remedy this situation and to account for isotopic variations
arising from the possible use of surface and groundwater, water samples were collected
from a variety of rivers, canals, wells and cisterns located along the north coast of Peru.
A series of collection points within valleys ranging from the far north to central Peru
were selected that represent an assortment of water sources located at varying distances
from the ocean, at a range of elevations above sea level, and in regions of differing aridity
and annual mean temperature – all of which are important factors affecting the oxygen
and hydrogen isotopic composition of surface water and groundwater (Craig 1961;
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Dansgaard 1964; Faure and Mensing 2005; Sharp 2007). A series of collections over
several years would have been preferable to ensure long-term accuracy of this isotopic
baseline for water in the area. However, this single collection period (July 2007)
provides a necessary starting point for investigating the range of isotopic compositions
within this region.
Between four and six samples were collected per valley from 13 valleys (Figure 4.5),
ranging from Piura in the far north to the Huaraz Valley in Central Peru (Table 4.11).
Samples were collected from the water source closest to the coastline of each valley, and
again in a series of sites located further inland and at higher elevations. Rivers, wells,
canals, cisterns and tap water were all sampled in order to gauge the range of possible
compositions present in the region. Each location was marked using a GPS locator, and
the latitude/longitude, elevation, distance from the ocean and water source were noted.

4.4.b.i

Water Baseline Results and Discussion

Samples were collected from a variety of sources at different elevations in each
valley and at differing distances from the coastline in order to characterise the isotopic
variability of drinking water within the region. Results are presented in Table 4.12.
Four internal laboratory standards, calibrated to VSMOW and SLAP (Coplen 1996),
were analyzed along with each sample set. EDT and MID standards were used to
establish precision and accuracy while HEAVEN and LSD standards were employed
to create a calibration curve for each run. For δ18O, the average for EDT was -7.28
±0.02 ‰ (1σ, n = 16), which is well aligned with the accepted value of -7.27 ‰. An
average value for MID of -13.03 ±0.01 ‰ (1σ, n = 9) also compares nicely to its
accepted value of -13.08 ‰. An average δ2H of –56.20 ±1.3 ‰ (1σ, n = 8) was
obtained for EDT, (accepted value of –56.00 ‰), and an average value of –108.44
±1.5 ‰ (1σ, n = 7) was calculated for MID, which is in line with the accepted value
of –108.10 ‰. Based on the results for samples analyzed in duplicate,
methodological precision was ±0.05 ‰ for oxygen (n=8) and ±1.5 ‰ for hydrogen
(n=11).
The oxygen and hydrogen isotopic data for the water samples were examined
statistically for relationships with variables such as latitude, altitude and distance to
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Figure 4.5

Region of study, with river valleys and features mentioned in the text noted.
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Table 4.11

Inventory of water samples collected during July 2007.

Date
2-Jul-07
2-Jul-07
4-Jul-07
4-Jul-07
4-Jul-07
4-Jul-07
5-Jul-07
5-Jul-07
5-Jul-07
6-Jul-07
6-Jul-07
6-Jul-07
6-Jul-07
6-Jul-07
6-Jul-07
6-Jul-07
7-Jul-07
8-Jul-07
8-Jul-07
8-Jul-07
8-Jul-07
8-Jul-07
9-Jul-07
9-Jul-07
9-Jul-07
9-Jul-07
20-Jul-07
11-Jul-07
12-Jul-07
12-Jul-07
12-Jul-07
13-Jul-07
13-Jul-07
13-Jul-07
13-Jul-07
13-Jul-07

Source
Well
Well
Well
River
Well
Canal
Canal
Canal
Canal
River
Well
Well
Tap
Well
Tap
Well
Tap
Tap
Well
Tap
Tap
Well
River
Well
Canal
Tap
River
Well
Well
Canal
Well
Canal
Well
Canal
Well
Canal

Valley/Location
Moche
Laredo/Moche
Moche/Otusco
Moche/Rio Otusco
Chicama/Magdalena
Chicama/Magdalena
Chicama/Casa Grande
Chicama/Ascope
Jequetepeque
Jequetepeque/Pay Pay
Jequetepeque/Ciudad de Dios
Jequetepeque/San Jose de Moro
Zaña/Mocupe
Zaña
Zaña/Cayalti
Zaña/Cayalti
Lambayeque
Lambayeque/Mochumi
Lambayeque/Túcume
Lambayeque/Illimo
Lambayeque/Pacora
Lambayeque/Jayanca
Piura/Sechura
Piura/Chusis
Piura/La Union
Piura/Catacaos
Piura/Chulucanas
Virú/V 59
Virú/Huaca Santa Clara
Virú/Susanga
Virú/Huacapongo
Chao/El Arame
Chao
Chao/Buena Vista
Chao/Monte Grande
Chao/Sta. Rita

Sample
W003
W004
W006
W008
W010
W012
W014
W016
W018
W020
W022
W024
W026
W028
W030
W032
W034
W036
W038
W040
W042
W044
W046
W048
W050
W052
W054
W056
W058
W060
W062
W064
W066
W068
W070
W072
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14-Jul-07
14-Jul-07
14-Jul-07
14-Jul-07
14-Jul-07
15-Jul-07
25-Jul-07
15-Jul-07
15-Jul-07
16-Jul-07
16-Jul-07
16-Jul-07
16-Jul-07
22-Jul-07
22-Jul-07
22-Jul-07
22-Jul-07
22-Jul-07
24-Jul-07
24-Jul-07
24-Jul-07
24-Jul-07
24-Jul-07

Canal
Well
Well
Canal
Canal
Canal
Well
Tap
Canal
Tap
Tap
Tap
Well
Dugout
Canal
River
Lake
Tap
River
River
Canal
Dugout
Well

Santa
Santa/Alto Peru
Santa/El Castillo
Santa/Rinconada
Santa/Vinzos
Nepeña
Nepeña/San Jacinto
Nepeña/Moro
Nepeña/Moro
Casma/Huancamuña
Casma/Buena Vist
Casma/Sechin
Casma
Huaraz/Caraz
Huaraz/Yungay
Huaraz/Carhuaz
Huaraz
Huaraz/Recuay
Cajamarca/Tembladera
Cajamarca/Chilete
Cajamarca/Magdalena
Cajamarca/San Juan
Cajamarca

W074
W076
W078
W080
W082
W084
W086
W088
W090
W092
W094
W096
W098
W100
W102
W104
W106
W108
W110
W112
W114
W116
W118

the shoreline. As expected, the correlation between δ2H and δ18O, as is typically
characteristic of freshwater, is extremely strong, and as is commonly the case, both
δ2H and δ18O show good correlation with latitude (Table 4.13). However, the
expected relationships between δ2H (or δ18O) and altitude or distance from the ocean
turn out to be very weak.
The majority of the water samples plot to the right of the Global Meteoric Water
Line (GMWL) (Figure 4.6), which is typical of waters from arid regions (Clark and
Fritz 1997; Davisson et al. 1999). The legend in Figure 4.6 lists the valleys sampled
in order from north to south, and the trend here seems to follow latitude, with northern
valleys like Piura having more positive δ18O and δ2H values, while more southern
valleys like the Huaraz have lower δ18O and δ2H values. The relationship between
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Table 4.12

δ18O and δ2H values for Peruvian water samples.

Sample

Valley

Source

Altitude
(m asl)

Latitude

Distance fm
Ocean (km's)

Measured

Measured

*Predicted

δ18O‰ VSMOW

δ2 H

δ18OP VSMOW

W003
W004
W006
W008
W010
W012
W014
W016
W018
W020
W022
W024
W026
W028
W030
W032
W034
W036
W038
W040
W042
W044
W046
W048
W050
W052
W054
W056
W058
W060
W062
W064
W066
W068
W070
W072
W074
W076
W078
W080
W082
W084
W086
W088
W090
W092
W094
W096
W098
W100
W102
W104
W106
W108
W110
W112
W114
W116
W118

Moche
Moche
Moche
Moche
Chicama
Chicama
Chicama
Chicama
Jequetepeque
Jequetepeque
Jequetepeque
Jequetepeque
Zaña
Zaña
Zaña
Zaña
Lambayeque
Lambayeque
Lambayeque
Lambayeque
Lambayeque
Lambayeque
Piura
Piura
Piura
Piura
Piura
Viru
Viru
Viru
Viru
Chao
Chao
Chao
Chao
Chao
Santa
Santa
Santa
Santa
Santa
Nepeña
Nepeña
Nepeña
Nepeña
Casma
Casma
Casma
Casma
Huaraz
Huaraz
Huaraz
Huaraz
Huaraz
Cajamarca
Cajamarca
Cajamarca
Cajamarca
Cajamarca

Well
Well
Well
River
Well
Canal
Canal
Canal
Canal
River
Well
Well
Tap
Well
Tap
Well
Tap
Tap
Well
Tap
Tap
Well
River
Well
Canal
Tap
River
Well
Well
Canal
Well
Canal
Well
Canal
Well
Canal
Canal
Well
Well
Canal
Canal
Canal
Well
Tap
Canal
Tap
Tap
Tap
Well
Dugout
Canal
River
River
Tap
River
River
Canal
Dugout
Well

36
102
2585
2584
31
32
160
234
29
249
71
132
49
61
66
77
45
36
50
53
58
61
9
8
15
34
108
17
81
388
285
30
108
182
246
362
61
76
65
89
160
156
270
512
491
180
218
108
62
2300
2469
2619
3046
3427
442
854
1135
2370
2712

-8.132
-8.088
-7.910
-7.910
-7.878
-7.878
-7.735
-7.714
-7.336
-7.254
-7.317
-7.181
-6.979
-6.922
-6.893
-6.887
-6.703
-6.551
-6.514
-6.472
-6.428
-6.398
-5.548
-5.524
-5.388
-5.266
-5.085
-8.439
-8.419
-8.372
-8.378
-8.600
-8.545
-8.480
-8.477
-8.487
-8.989
-8.944
-8.933
-8.890
-8.801
-9.171
-9.148
-9.039
-9.138
-9.452
-9.432
-9.479
-9.469
-9.045
-9.141
-9.284
-9.527
-9.722
-7.256
-7.220
-7.249
-7.286
-7.176

5.4
11.5
57.9
57.9
4.2
4.9
23.5
31.8
3.5
43.4
12.1
21.5
13.9
22.7
26.8
27.7
10
25.8
29.6
34.2
40.3
42.4
6.8
7.7
21.6
35.8
97
4.5
15.6
26.8
24.7
3.9
11.3
18.9
23.7
26.5
3
7.3
7.9
10.2
16.5
14
23.2
38.1
34.1
19.6
19.3
13.7
10.7
78.2
80
84.7
85.4
86.5
50.8
82.8
100.1
112
119.7

-11.88
-9.80
-7.85
-9.33
-7.64
-7.58
-7.62
-7.48
-6.97
-9.37
-6.68
-7.63
-7.28
-7.29
-7.38
-7.75
-8.11
-7.43
-8.03
-7.83
-7.78
-7.12
-3.63
-3.42
-0.11
-3.32
-4.58
-2.65
-11.17
-9.38
-10.00
-10.93
-11.85
-10.57
-11.00
-10.23
-12.27
-12.07
-12.35
-12.69
-12.94
-11.11
-10.31
-11.38
-11.00
-11.27
-11.37
-11.71
-11.67
-14.13
-15.01
-14.09
-14.12
-12.95
-8.15
-8.24
-8.46
-8.38
-10.14

-89.11
-71.60
-69.45
-75.45
-57.01
-58.10
-54.20
-56.47
-61.55
-69.71
-52.42
-59.08
-54.09
-55.62
-49.07
-50.18
-58.40
-48.46
-52.93
-50.20
-53.70
-47.04
-25.02
-28.20
-13.80
-17.10
-26.64
-30.24
-82.59
-72.32
-75.71
-83.60
-89.48
-79.52
-82.60
-79.06
-92.41
-91.73
-96.50
-96.09
-98.48
-84.20
-79.80
-86.70
-84.00
-87.70
-88.20
-90.65
-89.15
-97.60
-105.10
-100.40
-97.20
-93.60
-52.50
-50.70
-52.60
-52.40
-77.00

14.77
16.10
17.34
16.40
17.48
17.52
17.49
17.58
17.91
16.38
18.10
17.49
17.71
17.71
17.65
17.41
17.18
17.61
17.23
17.36
17.39
17.81
20.05
20.18
22.30
20.24
19.44
20.68
15.22
16.37
15.97
15.38
14.78
15.61
15.33
15.82
14.51
14.64
14.47
14.25
14.09
15.26
15.77
15.08
15.33
15.16
15.09
14.88
14.90
13.33
12.77
13.35
13.33
14.08
17.15
17.10
16.96
17.01
15.88

Results shown in bold are the mean of methodological duplicates
* using Daux et al. (2008)
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Table 4.13

Spearman’s Rank Correlation data.

δ18O
δ18O
δ2H
Altitude
Latitude
Distance to Shore

ρ=0.95, P=<2.2e-16
ρ=-0.54, P=1.167e-05
ρ=0.84, P=<2.2e-16
ρ=-0.06, P=0.635

δ2H
ρ=0.95, P=<2.2e-16
ρ=-0.44, P=0.000453
ρ=0.87, P=<2.2e-16
ρ=0.08, P=0.5294

Water Samples
Túcume Water Values

0

δ18O

GMWL

-8.0‰

δD -53‰

-20

Piura
Lambayeque
Zaña

δ2δD
H$(‰$
(‰ VSMOW
)
VSMOW)$$

Cajamarca

-40

Jequetepeque
Chicama
Moche

-60

Viru
Chao
Santa

-80

Nepeña
Casma
Huaraz

-100

Series14

-120
-16

-12

-8

-4

0

δδ O$(‰$
O (‰ VSMOW
VSMOW)$$
)
18
18

Figure 4.6

The δ2H versus δ18O values of Peruvian water samples. The legend lists valley names
from north (top) to south (bottom). The dashed red box indicates areas supplied in part
by the CHAVIMOCHIC irrigation canal.

δ18O and δ2H with latitude is not entirely unexpected, given the projections developed
by Bowen and colleagues (Bowen and Wilkinson 2002a; Bowen and Revenaugh
2003), which suggest a north-south gradient that is influenced by the presence of the
Sechura Desert along the north coast near Piura (Cooke et al. 1993). However, the
expected changes in the isotope composition of water predicted by this model as one
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moves higher into the Andean mountain range are not readily visible in my data.
Water in some of the valleys has distinct δ18O and δ2H values, while results for others
overlap significantly. Some of this overlap, particularly in the southern end of the study
area, can be attributed to the fact that several valleys draw much of their water supply
from the runoff of the Cordillera Blanca mountain glaciers (Baraer et al. 2009; Condom
et al. 2012; Mark and Seltzer 2003). Discharge from melting glacier ice generally has an
annual isotopic variation similar to that of the local hydrological balance, but factors such
as elevation, temperature, evaporation and a repeated thaw-melt cycle alter the isotopic
composition of glacial ice, so the δ-value of the glacier melt component is expected to
vary (Stichler and Schotterer 2000). Streams fed by glacial meltwaters, originating high
in the Andes, will have an isotopic composition that is more similar to that of the glacier
from which they draw their water (Mark and Seltzer 2003). As glacial melt moves
downstream, there is a progressive mixing between continental glacial meltwater and
more local precipitation and/or groundwater, thus further modifying the isotopic
composition of surface water. Generally, glacial melt will lower the δ18O and δ2H values
of surface and groundwater. The predicted values for precipitation at Túcume, the site
that is the focus of anthropological inquiry in this research, lie between -5.9 and -5.0 ‰
for δ18O, and between -39 and -32 ‰ for δ2H. So, with means of -8 ‰ and -53 ‰
respectively, drinking water isotopic compositions, which should be more positive than
precipitation at the same location, are not in line with the predictive data produced for
Túcume using the algorithms of Bowen and others (Bowen and Wilkinson 2002a; Bowen
and Revenaugh 2003; Bowen et al. 2005). However, the mean annual predicted δ18O and
δ2H values assigned to Túcume by the algorithm do not take into consideration the
addition of glacial meltwater from the Cordillera Blanca.
Based on the average and standard deviation of five melted glacier ice and firn
samples, Mark and Seltzer (2003) assign a δ18O value of -14.5 ±2.3 ‰ to the melted
glacier ice in the Querococha watershed of the Cordillera Blanca, which feeds directly
into the Rio Santa basin. In modern times, the CHAVIMOCHIC irrigation canal
supplies water to the Santa, Chao, Virú and Moche valleys (outlined in red on Figure
4.6) from the Rio Santa, which draws approximately 40 % of its discharge from
glacial melt water during the dry season during which it was sampled (Mark et al.
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2005). Likewise, in antiquity Andean groups were well known for extensive irrigation
canals that fed the dry, coastal regions of the north coast (Billman 2002; Farrington
1980; Lane 2009; Netherly 1984; Park 1983). With δ18O and δ2H values at the site of
Túcume that are higher than we would expect given the predicted precipitation
isotopic compositions, it is entirely likely that the modern groundwaters and surface
waters sampled are mixed to varying degrees with snowmelt or glacial melt from
higher elevations, as they would have been during the period when our study group
inhabited the region.
Predictive models based on geographic and climatological information appear to be
less accurate than is desirable for determining regions of possible origin for
archaeological samples. The sheer dimensions of the Andean mountain range
significantly disrupt the normal atmospheric circulation patterns in a variety of localized
and large-scale phenomena, and create climate patterns that are sharply contrasting on the
western and eastern slopes of the peaks (Garreaud 2009). In the tropical Andes, between
5˚S and 30˚S latitude, the main sources of precipitation on the eastern slopes stem from a
prevailing area of relative low pressure over the Amazon Basin (Condom et al. 2012;
Seluchi et al. 2003) that generates deep convective storms as the easterly winds push the
system higher into the mountain range, leaving the highest peaks in a rain shadow. On
the western side of the Andes, low-latitude winds blow in over the cold Humboldt
Current in the Pacific Ocean and are unable to retain precipitation (Cooke et al. 1993),
resulting in relatively cool and arid conditions that extend well in-land from the coast. It
is likely that the unique topography of the Andes means that predictive models normally
relied upon to predict the isotopic signature of precipitation are not useful here.
Given the strong relationship between isotopic composition of sampled drinking water
sources and latitude in this region, it would appear that the use of modern waters as
potential baselines for anthropological migration studies is possible. Intra-valley
differences based on elevation are not visible in our data, and as such these kinds of
comparisons may not yet be possible, at least in this study area. These stable isotopic
data are a positive and encouraging first step in establishing local ranges for fresh water
in a hydrologically complex region and will allow for a more nuanced interpretation of
ancient human mobility in northern Peru.
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CHAPTER 5
ARCHAEOLOGICAL RESEARCH
The application of isotopic methods to studies of human relocation is a relatively
recent addition to South American bioarchaeology, and to date very little of this work has
been carried out along the north coast of Peru. As Chamberlain (2006) has noted, human
mobility is very difficult to model or predict because it depends on individual decision
making as well as the fluctuating demographic, economic and political circumstances in
both the donor and recipient populations.
In this portion of the research, particular aspects of personal and social biographies
(specifically geographic relocation related to human sacrifice) will be examined in
conjunction with stable isotopic compositions to explore the assumption that certain
individuals were long-term residents of Túcume and to identify individuals who may
have come to the site from other geographic regions. The objective is to better
understand which individuals within populations may have moved, to what purpose, and
how those actions may have served to maintain or reinforce the existing sociopolitical
and economic hierarchies.

5.1

CEMETERY SUR

In order to understand how individuals may have moved across this ancient landscape,
it is first necessary to gain a better understanding of the variation of isotopic signatures
that exist within the region. In addition to the inorganic samples used in the previous
chapter, archaeologically recovered human remains thought to have belonged to
individuals who were long-term residents of Túcume were also analyzed as a possible
means of providing additional isotopic baseline information for the site.
As noted in Chapter 2, the Cemetery Sur was excavated in 1988 and the remains of
approximately 73 individuals were recovered, along with their accompanying grave
offerings (Narváez 1995). The cemetery population includes individuals representing all
age ranges and both sexes, with grave goods indicative of non-elite status (Rosas
Fernandez 1996). The archaeological context of the burials, the continuous use of the
cemetery and morphometric analyses of the remains has led researchers to conclude that
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the individuals interred at the site were most likely long-term residents (Narváez et al.
1995; Toyne 2008). If this is the case, the isotopic compositions of their tissues can serve
as a presumptive baseline against which to compare isotopic ratios from the two test
groups outlined below. Of course, this assertion was also tested during the course of this
study.

5.1.a

Sample Selection

Although there were 73 burials uncovered, only those individuals represented by
multiple tissue types (n=8) were included in this segment of the study. Bone and enamel
samples were drawn from eight individuals (Table 5.1), and these were subjected to
oxygen, strontium and FITR analyses.

Site
Vivienda
Vivienda
CS
CS
CS
CS
CS
CS

Sample #
Vicki
RH02
E1
E4
E11
E12
E14
T1

5.1.b

Age
18-20
35-50
adult
adult
adult
subadult
adult
adult

Tooth
UR M2
UR M2
UR M1
L MOL
L MOL
L MOL
L MOL
UR M3

Bone
L rib #6
R rib #7
rib fragment
rib fragment
rib fragment
rib fragment
rib fragment
L rib #9

Table 5.1.
Inventory of
Cemetery Sur
samples used in
this study.

Sample Integrity

For tissue samples from Cemetery Sur, the average crystallinity indices (CI) were 3.6
±0.3 for bone and 3.6 ±0.2 for enamel, which are within the established norms for
archaeological material (Garvie-Lok et al. 2004; Nielsen-Marsh and Hedges 2000b;
Wright and Schwarcz 1996). There are no significant correlations between CI values and
the δ18Op composition of either bone or enamel. Given these indicators, it is unlikely that
the samples have been affected by post mortem alteration. Relationships between
variables were examined statistically and no correlations were found that would indicate
methodological or processing errors.
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5.1.c

Strontium Isotope Results

Strontium-isotope results for Cemetery Sur samples are presented in Table 5.2. All
averages are presented as mean 87Sr/86Sr ±1σ. The average 87Sr/86Sr ratio for bone
samples was 0.7073 ±0.0001 while the average for enamel was 0.7082 ±0.0005. The
dataset is too small for statistical analysis; however there is no visible relationship
between the strontium-isotope ratio and either sex, age or tooth. A local range of
87

Sr/86Sr ratios in the area around Túcume has not been previously established. In

examining 87Sr/86Sr ratios in other areas of Peru, however, variations within an area of
0.0010-0.0030 are not uncommon (see Table 5.3). Given that the archaeologists who
excavated the Túcume site assert that the individuals interred at Cemetery Sur were longterm inhabitants of the site, their bone 87Sr/86Sr ratios should reflect the local biologically
available strontium signature. The soil sample analyzed for the Lambayeque Valley has a
87

Sr/86Sr ratio of 0.7080. While slightly higher than the average bone 87Sr/86Sr ratio

(0.7073) obtained for this control group, the variation of 87Sr/86Sr between bone
Table 5.2

SAMPLE

Oxygen and strontium isotopic data for Cemetery Sur bone and enamel
samples.

AGE
(SEX)

TOOTH

δ18OP‰
VSMOW

Vicki
RH02
E1
E4
E11
E12
E14
T1

17-25 (F)
40-60 (F)
26-40 (M)
26-40 (M)
26-40 (?)
11-16 (?)
26-40 (M)
26-40 (M)

UR M2
UR M2
UR M1
L MOL
L MOL
L MOL
L MOL
UR M3
Mean:
Std Dev:

16.2
17.8
16.7
18.8
17.4
17.4
17.4
17.0
17.3
0.8

BONE
*Predicted
δ18Odw‰

CI

87

86

Sr/ Sr

VSMOW

-8.8
-6.4
-8.1
-4.8
-6.9
-6.9
-7.0
-7.6
-7.1
1.2

3.3
3.7
3.4
3.9
3.9
3.9
3.8
3.2
3.6
0.3

0.7074
0.7074
0.7075
0.7072
0.7071
0.7072
0.7074
0.7071
0.7073
0.0001

Results shown in bold are the mean of methodological duplicates
*Calculated using Daux et al. (2008)

δ18OP‰
VSMOW

16.8
17.8
17.4
15.8
18.5
16.3
16.5
16.0
16.9
0.9

ENAMEL
*Predicted
δ18Odw‰

CI

87

Sr/86Sr

VSMOW

-7.8
-6.4
-7.0
-9.4
-5.3
-8.6
-8.2
-9.1
-7.7
1.4

3.6
3.9
3.7
3.4
3.8
3.6
3.6
3.4
3.6
0.2

0.7094
0.7084
0.7081
0.7078
0.7080
0.7079
0.7078
0.7080
0.7082
0.0005
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Region
North Coast
North-Central Coast
Central Coast
South Coast

Ayacucho Highlands
Cuzco Highlands
Lake Titicaca Highlands

Site

87

Sr/86Sr Range

1

multiple
Nepeña2
Ancon3
Beringa4
Chen Chen5
Nasca Drainage6

0.7055-0.7064
0.7077-0.7095
0.7063-0.7068
0.7078-0.7090
0.7059-0.7066
0.7055-0.7070

Wari7
Conchopata8
Chokepukio9
Machu Picchu10
Tiwanaku11

0.7054-0.7067
0.7051-0.7065
0.7073-0.7091
0.7125-0.7152
0.7087-0.7105

Table 5.3
Strontium isotope
compositions for
regions of Peru.

1

Petford et al.(1996); 2Cobbing et al.(1977); 3Slovak et al.(2009); 4Knudson and Tung (2011);
Knudson (2008); 6Conlee et al.(2009); 7Tung (2003); 8Tung and Knudson (2008);
9
Andrushko et al.(2009); 10Turner (2008); 11Knudson et al.(2004)
5

and soil is less than the measured variation in the underlying bedrock. Given that the
bone strontium isotope ratios are clustered together within the bedrock ranges apparent
across the Andes, a conservative 87Sr/86Sr range of 0.7064-0.7082 (centered about the
mean 87Sr/86Sr ratio of bone samples from Cemetery Sur and spanning the largest
measured range in the Peruvian 87Sr/86Sr ratios; Table 5.3) has been adopted here as
representative of the local 87Sr/86Sr ratio of biologically available Sr at the site of
Túcume.
From the range for the site noted above, it appears from the enamel 87Sr/86Sr ratios of
these individuals that all but two may have been local to the area throughout their lives.
Only Vicki and RH02 have enamel 87Sr/86Sr ratios suggesting childhood years spent
elsewhere. In looking at regions where isotopic baseline data are available, it is noteable
that all of the individuals sampled have 87Sr/86Sr signatures consistent with the bedrock of
Tertiary-Quaternary volcanics that underlies the Nepeña Valley (87Sr/86Sr= 0.70770.7095) (Cobbing et al. 1977). Several other individuals (E1, E4, E11, E12, E14, RH02
and T1) have 87Sr/86Sr ratios within the range measured near Beringa and in the
Highlands around Cuzco, but only the 87Sr/86Sr ratios predicted for the Nepeña Valley
provide a match for all of the individuals tested herein. The complexity of the region,

0.7064
0.7095
0.7068
0.7066
0.7070
0.7067
0.7065
0.7091
0.7152
0.7105
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and the lack of isotopic data available from across South American coastal regions, mean
that it is, as yet, impossible to confidently pinpoint the regions of origin for these
individuals. However, the very tight clustering of bone 87Sr/86Sr ratios suggests that the
excavating archaeological team were correct in identifying individuals buried at
Cemetery Sur as long-term residents of the site.

5.1.d

Oxygen Isotope Results

As all of the bone and enamel samples were analyzed together, the following
methodological information pertains to the results from Cemetery Sur, Huaca Larga and
the Templo de la Piedra Sagrada tissue samples. All δ18Op enamel values from samples
formed during breastfeeding and weaning were corrected to account for the 18O
enrichment associated with breast milk (White et al. 2000; 2004c; Wright and Schwarcz
1998). All first molar (M1) isotope values have been adjusted downward by 0.7 ‰
(White et al. 2000; 2004c). All mean oxygen isotope compositions are reported as δ18Op
±1σ.

The mean δ18Op values for bone and enamel samples were 17.3 ±0.8 ‰ and 16.9

±0.9 ‰ respectively. Bone oxygen isotope compositions ranged from 16.2 to 18.8 ‰,
while the range for enamel samples was 15.8 to 18.5 ‰. The mean CO2 yield of the
laboratory silver phosphate standard was 4.87 µm/mg, which corresponds well with the
theoretical yield of 4.78 µm/mg. Replicate analyses of the laboratory silver phosphate
standard produced a δ18O value of 11.16 ±0.3 ‰ (VSMOW), which compared well to its
accepted mean value of 11.05 ‰. The mean CO2 yield of 4.99 µm/mg for the sample set
was also very close to the theoretical yield of 4.78 µm/mg. Reproducibility of results and
analytical precision were determined through duplicate sample precipitation, extraction
and analysis, and were measured at ±0.5 ‰. The δ18O value of drinking water was
calculated from the δ18Op values following Daux et al. (2008), as discussed earlier.
Calculated drinking water δ18O values ranged from -8.8 to -4.8 ‰ for bone samples
(mean = -7.1 ±1.2 ‰) and -9.4 to -5.3 ‰ for enamel samples (mean = -7.7 ±1.4 ‰).
Oxygen isotope results for samples from Cemetery Sur are presented in Table 5.2.
Generally speaking, the intra-population variation in δ18Op values among residentially
stable groups is about 1-2 ‰ (White et al. 1998; 2000). The range of compositions
observed here for bone and enamel samples is 2.6 and 2.7 ‰ respectively. In this small
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dataset, a single value in each category is responsible for extending the observed range
beyond 2 ‰. Both can be plausibly explained within the context of residential mobility.
The single high bone δ18Op value (18.8 ‰) for sample E4 could indicate that this
individual had not been a resident of Túcume for a sufficient period of time to lower the
bone composition to the level of other inhabitants from the site. That said, nothing in his
burial indicates that he was considered a foreigner in any social sense. The single
anomalous enamel δ18Op value (E11 at 18.5 ‰) can also be attributed to time spent in a
location of relative 18O enrichment during childhood. The fact that both of these slightly
anomalous compositions are quite similar could indicate ongoing and reciprocal
movement of individuals between Túcume and a region where drinking water had a
somewhat higher δ18Odw value. One such location could be near Piura to the north, where
mean δ18Odw is presently higher by 3 ‰ relative to water near Túcume.
Excluding these two samples, the mean bone oxygen isotope composition is 17.1 ±0.5
‰ and enamel composition 16.6 ±0.7 ‰, with ranges of 1.6 ‰ and 2 ‰, respectively.
Calculated drinking water compositions then range from -8.8 to -6.4 ‰ for bone samples
(mean = -7.4 ±0.8 ‰) and -9.4 ‰ to -6.4 ‰ for enamel samples (mean = -8.1 ±1.1 ‰).
Drinking water sampled from the Lambayeque Valley and the site of Túcume range from
-8.1 to -7.1 ‰, (see Table 4.12) which is, overall, in good agreement with the majority of
compositions predicted from δ18Op values obtained for Cemetery Sur.
Accordingly, this study will adopt a range for δ18Odw of -8.8 ‰ (the lowest value
predicted by δ18Op bone samples) to -6.4 ‰ (the highest value for both bone and enamel)
as a local baseline for the site of Túcume. This range spans that predicted from bone
δ18Op as well as modern water sampled from the area, and recognizes that the variety of
inputs to drinking water sources in the area is likely to engender a greater variation in
δ18Odw values than might be the case in other less complex regions, as discussed in
Chapter 4. It appears that δ18Op values ranging from approximately 16 to 18 ‰ would
therefore be a suitable baseline for local inhabitants at Túcume.
In summary, the oxygen isotope data suggest that the individuals sampled from the
Cemetery Sur likely spent their childhoods at, or relatively close to, the site of Túcume.
Only the enamel δ18Op value for E11 is sufficiently (0.5 ‰) outside the range established
for the site to suggest a childhood in an area where drinking water was slightly more
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enriched in 18O than at Túcume. The very small difference observed for sample E4 (0.2
‰ below the ‘local’ range) is likely not significant.

5.1.e

Discussion

Individuals buried at the Cemetery Sur at Túcume were identified as long-term
residents of the site by excavating archaeologists based on the overall burial pattern
(Narváez et al. 1995; Toyne 2008). This assertion of was tested isotopically, and it
would appear that the archaeologists were largely correct. The narrow spread of isotopic
compositions observed, and their consistency with local inorganic samples, suggest a
local range for 87Sr/86Sr of 0.7064 to 0.7082, and a local range for δ18Op between 16 and
18 ‰.
The strontium and oxygen isotope compositions of enamel samples, which represent
childhood residency, indicate that the majority of these individuals grew up either near
Túcume or in areas with similar geochemical signatures. Only two individuals have
87

Sr/86Sr ratios that lie slightly above the proposed range for the area, but δ18Op values for

these individuals fall within the local range. That being said, the complexity of the
geological and hydrological systems in the Andes is such that inconsistencies are to be
expected, and it is entirely plausible that these two individuals spent their childhoods in a
region where the bedrock differed from that of Túcume while the drinking water values
were similar to Túcume.
Bone samples, which speak to location of residency in the last 10-25 years of life
(Manolagas 2000), suggest that all but one individual sampled (E4) from Cemetery Sur
were long-term residents of the site. E4 may have relocated during his lifetime and not
been a resident of Túcume long enough for his bone oxygen isotope composition to fully
acquire the local signal, however the divergence of his δ18Op value from the local oxygen
isotope phosphate baseline is very small. His 87Sr/86Sr ratios, both in enamel and bone,
indicate that he originated from a region with a similar 87Sr/86Sr composition to Túcume.
His remains were not treated in any unique way to indicate that he was considered a
foreigner. This suggests that his presence at the site was either familiar enough that his
interment was treated in the same manner as locals, although burial pattern alone may not
be sufficient means by which foreigners should be identified.
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5.2

IDENTIFICATION OF ‘FOREIGNERS’ AT TÚCUME

Identifying the movement of people as opposed to the movement of things and ideas
has, until very recently, been one of the greatest challenges of archaeology and
anthropology. It is hard to demonstrate beyond question that changes in one area are the
result of contacts with another, rather than simply the outcome of parallel processes.
Similarly, migration and replacement were once a common explanation for
archaeological change, i.e.: the appearance of new artifacts (Alden et al. 1979; Cobean et
al. 1989; Gilbert et al. 1980; Huffman 1984; Hughes 1949; Voorhies 1972), but recent
research in the study of historical and ethnographic records shows that internal change
within a group can produce the same outcome (Widlock 1999).
Generally speaking, human mobility in the Andes has been explored using material
correlates of identity and ethnicity that are thought to follow the movement of people.
Changes in form and decoration in pottery (Owen 1993), architecture (Aldenderfer and
Stanish 1993; Stanish 1989), textiles (Cassman 1997; Oakland Rodman 1992) and
mortuary practices (Buikstra and Dillehay 1995) have all been examined for indicators of
ethnicity and, by proxy, human mobility. As Guha (2005) has pointed out, archaeologists
have arbitrarily designated group boundaries according to the material remains of
temporally and geographically distinct sets of people. These clusters of individuals may
or may not have represented unique groups within their relative societies. In terms of
Peruvian archaeology, while some artifact forms and decorative motifs may be connected
to particular cultural or ethnic groups, their utility as a direct means of monitoring and
authenticating human mobility itself is questionable. While researchers may associate
certain artifact forms and designs with particular cultural groups, their presence in ‘nonlocal’ settings can only suggest that people moved; it cannot confirm it. This possibility
however, can be investigated via biogeochemical analysis of human remains directly. In
fact, human movement across the landscape that may otherwise be invisible through
material culture can be identified only with these types of analyses.
The concept of verticality, outlined in Chapter 2, is the most prevalent model currently
available that explains the movement of people and resources across the landscape. First
presented by John Murra (1972), vertically holds that rather than trade between ethnic
groups, locals would send kin to live in, and exploit resources from, other ecological
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zones within a specific area. As noted in Chapter 3, ecozones in the Andean mountain
range are packed tightly together as elevation changes, thus it is asserted that the
movement of small portions of a population would be of relatively minor inconvenience
given their close proximity to the home community. The notion of verticality to explain
human mobility in this region has not been directly tested and, although its utility in Inca
times is supported by historic documents (Cobo 1980 [1653]), independent evidence is
highly desirable. The application of geochemical techniques to questions surrounding
human mobility and social relations allows researchers to begin mapping such
interactions within past societies.
In this region, questions regarding the origins of individuals chosen for sacrifice, their
roles within the communities in which they lived and died, and the nature of the events
surrounding their deaths have remained largely unanswered. By employing multiple
lines of isotopic, archaeological and ethnographic evidence, this study aims to identify
possible ‘migrants’ to the northern site of Túcume from two distinct burial groupings, and
to gain a better understand of how and why those individuals came to be buried at the
site.
All isotopic compositions reported here were obtained for human tissues using the
protocols summarized in Chapter 3. All bone samples were analyzed for 87Sr/86Sr at The
University of Windsor using the chemical dilution method of Knudson et al. (2004) while
enamel samples were processed using direct laser ablation as per the results of the
method-comparison tests presented in Chapter 4. Within-run precision was measured
through duplicate analyses of independently processed samples, and was 0.000003 for
bone samples and 0.000120 for enamel samples. Data reduction for all 87Sr/86Sr ratios
was conducted by outlier analysis (mean ± 2 standard deviations) wherein outliers for the
complete cycle were removed. Background interference was subtracted from the signal
and mass bias correction for samples was carried out using the method outlined by Yang
and colleagues (2011).
Oxygen isotope analyses of the phosphate portion of bone and tooth enamel was
carried out in the Laboratory for Stable Isotope Science at The University of Western
Ontario using the method reviewed in Chapter 3. Sample integrity and methodological
errors were assessed using the methods described above. The calibration developed by
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Daux et al. (2008) was used to determine the composition of the water an individual
imbibed, thus making it possible to compare the individual with drinking water sampled
in this study. As discussed in Chapter 4, differences between bone and enamel δ18Op
values of less than 1.5 ‰ are not considered indicative of residential relocation, while
δ18Op bone-enamel differences between 1.5 and 2 ‰ may be representative of mobility,
and any intra-individual variance between these tissues greater than 2 ‰ is interpreted as
indicative of movement between childhood and adulthood. Likewise, individual δ18Odw
bone-enamel differences of less than 2 ‰ are not viewed as significant, differences
between 2 and 2.5 ‰ are interpreted as possible cases of movement over time, and
differences greater than 2.5 ‰ are considered indicative of residential relocation.

5.2.a

Huaca Larga

The distinct mortuary population at Huaca Larga discussed in Chapter 3 was selected
for analysis because of its previous identification as the burial of a local elite, his
attendants and a group of women hypothetically identified as aqllakuna (Narváez et al.
1995). The three males recovered from the floor of the Huaca Larga were well-preserved
mallqui or mummy bundles with elaborate burial shrouds, and were interred with items
that indicated a very high status within the community. Identified by grave goods
normally attributed to nobility, individual R1 E3 is believed to have been the last noble
administrator of Túcume, for whom the burial chamber was created and upon whose
death the remaining individuals were sacrificed (Molina and Markham 1963 [1584];
Narváez et al. 1995). All three males were seated in an upright flexed position within
individual shallow pits. The 19 females recovered were originally placed in a seated,
flexed position at the time of burial, wrapped in numerous textiles, and interred with
high-quality decorated versions of wooden and cane tools and weaving implements.
Several of these women also wore items of personal adornment associated with high
status in Inca society (shell necklaces and copper bracelets, finger rings as well as shellinlaid decorated ear spools). This burial grouping has distinct similarities to other nearby
sites such as Sipán (Alva and Donnan 1993; Verano 1997) and Pachacamac (Uhle 1991
[1903]) in terms of demographics and associated grave goods. Previous
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osteobiographical analyses of these individuals were inconclusive in answering questions
about their origins or possible distinction as aqllakuna (Toyne 2002).
Given that true aqllakuna were recruited from across the region and trained in the
vicinity of Cuzco in the south (Baudin 1961; Silverblatt 1987), the women in this group
should demonstrate a variety of enamel isotope compositions representative of their
diverse regions of origins if they did, in fact, belong to such a revered group. If, on the
other hand, these females were locally-derived wives and servants sacrificed upon the
death of their local lord, the isotopic composition of their tissues should be relatively
homogeneous and consistent with local baselines. In this time period, weaving was an
everyday activity for most women and therefore it would stand to reason that local
women might be interred with textile-making implements. The quality of the grave
goods recovered with this group suggests, however, that these individuals held a special
place in the hierarchy of the site.
Despite preliminary archaeological evidence suggesting that this group was interred as
a unit, the bundling of the remains allows for the possibility that this burial grouping may
have been accretionary.

5.2.a.i

Sample Selection

To test the hypothesis that these women may have been aqllakuna, enamel and bone
samples were drawn from at the individuals from Huaca Larga (Table 5.4) and each was
subjected to oxygen isotope, strontium isotope and FTIR analysis. It was initially hoped
that sufficient collagen would be preserved to allow for carbon and nitrogen isotope
analyses, but unfortunately this was not the case.

5.2.a.iii

Strontium Isotope Results

Strontium-isotope data for the Huaca Larga samples are presented in Table 5.5. All
averages are presented as mean 87Sr/86Sr ±1σ. For tissue samples from Huaca Larga, the
average crystallinity indices (CI) were 1.7 ±0.1 for bone, and 2.1 ±0.2 for enamel, which
are well below the accepted upper threshold of 4.0, which would suggest recrystallization
and poor bioapatite preservation (Wright and Schwarcz 1996). Low CI values are
indicative of less crystalline structures; however in the absence of data regarding the
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Site

Sample #

Age

Tooth

Bone

HL
HL
HL
HL
HL
HL
HL
HL
HL
HL
HL
HL
HL
HL
HL
HL
HL
HL
HL
HL
HL
HL

R1 E2
R1 E3
R1 E4
R3 E1
R3 E2
R3 E3
R3 E4
R3 E5
R3 E6
R3 E7
R3 E8
R3 E9
R3 E10
R3 E11
R3 E12
R3 E13
R3 E14
R3 E15
R3 E16
R3 E17
R3 E18
R3 E19

35-40
30-40
20-25
25-30
20-25
20-25
20-25
30-35
16-20
20-25
25-30
15-17
30-35
20-25
16-18
30-35
9-12
30-35
25-30
20-25
30-35
13-16

LR M2
LR M3
UR M2
UR M2
LL M2
LL M1
UL M2
LR M3
UR M2
UL M2
LL M2
LR M3
LL M3
LL M2
LL M3
UL M1
LL M3
UL M2
LR M3
LL M3
LL M3
LR M2

R rib #5
R rib #5
R rib #5
R rib #5
R rib #5
R rib #5
R rib #5
R rib #5
R rib #5
R rib #5
R rib #5
R rib #5
R rib #5
R rib #5
R rib #5
R rib #5
R rib #5
R rib #5
R rib #5
R rib #5
R rib #5
R rib #5

Table(5.4(((
Inventory(of(Huaca(
Larga(samples.(((
(

effects of low CI on isotopic composition (noted in Chapter 3) and the fact that there are
no significant correlations between bone or enamel δ18Op values and CI (Spearmans’s
ρ=0.75, P=2.701e-10 and ρ= 0.35, P=0.012 respectively), nor any relationship between
indicators that would suggest processing errors, the decision was made to retain the
samples for discussion. Given these data, it appears that significant post mortem
recrystallization has not affected these samples and that the intra vitam biogenic signature
has been preserved.
The average 87Sr/86Sr ratio for bone samples was 0.7079 ±0.0002, while the average
for enamel was 0.7081 ±0.0004. There were no statistically-significant correlations
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Table 5.5

SAMPLE

Oxygen and strontium isotopic data for Huaca Larga bone and enamel
samples.

AGE
(SEX)

TOOTH

δ18OP‰
VSMOW

R1 E2 35-40 (M) LR M2
R1 E3 30-40 (M) LR M3
R1 E4 20-25 (M) UR M2
R3 E1 25-30 (F) UR PM2
R3 E2 20-25 (F) LL M2
R3 E3 20-25 (F) LL M1
R3 E4 20-25 (F) UL M2
R3 E5 30-35 (F) LR M3
R3 E6 16-20 (F) UR PM2
R3 E7 20-25 (F) UL M2
R3 E8 25-30 (F) LL PM2
R3 E9 15-17 (F) LR M3
R3 E10 30-35 (F) LL M3
R3 E11 20-25 (F) LL M2
R3 E12 16-18 (F) LL M3
R3 E13 30-35 (F) UL M1
R3 E14 9-12 (F) LL M3
R3 E15 30-35 (F) UL M2
R3 E16 25-30 (F) LR M3
R3 E17 20-25 (F) LL M3
R3 E18 30-35 (F) LL M3
R3 E19 13-16 (F) LR M2
Mean:
Std Dev:

15.4
15.4
16.2
14.9
15.0
15.3
15.0
15.4
16.3
15.7
15.7
15.8
15.8
12.5
15.9
14.9
14.7
15.2
14.1
14.6
15.3
15.5
15.2
0.8

BONE
*Predicted
δ18Odw‰

CI

87

86

Sr/ Sr

VSMOW

-10.1
-10.0
-8.8
-10.7
-10.5
-10.1
-10.6
-10.0
-8.6
-9.6
-9.5
-9.4
-9.3
-14.5
-9.3
-10.8
-11.1
-10.3
-12.0
-11.2
-10.1
-9.9
-10.3
1.2

1.7
1.6
1.7
1.8
1.6
1.7
1.7
1.6
1.7
1.8
1.7
1.7
1.8
1.9
1.8
1.8
1.8
1.6
1.7
1.6
1.7
1.8
1.7
0.1

0.7081
0.7080
0.7079
0.7078
0.7082
0.7078
0.7075
0.7080
0.7080
0.7081
0.7081
0.7079
0.7079
0.7082
0.7079
0.7078
0.7076
0.7076
0.7075
0.7075
0.7077
0.7079
0.7079
0.0002

δ18OP‰
VSMOW

17.5
17.0
17.4
15.8
16.6
16.8
17.2
15.7
17.2
16.7
17.3
17.7
17.0
13.3
16.6
15.1
15.6
16.6
16.3
16.3
16.6
16.0
16.5
1.0

ENAMEL
*Predicted
δ18Odw‰

CI

87

Sr/86Sr

VSMOW

-6.7
-7.5
-7.0
-9.3
-8.2
-7.8
-7.3
-9.5
-7.3
-8.1
-7.1
-6.4
-7.5
-13.2
-8.2
-10.5
-9.7
-8.2
-8.6
-8.7
-8.1
-9.1
-8.4
1.5

1.8
2.2
2.2
2.2
2.0
2.1
1.6
2.1
2.0
1.9
2.3
2.1
1.9
2.3
2.1
2.2
2.2
2.0
2.2
2.1
2.2
2.1
2.1
0.2

0.7081
0.7077
0.7079
0.7081
0.7074
0.7078
0.7076
0.7081
0.7080
0.7083
0.7085
0.7083
0.7090
0.7088
0.7080
0.7080
0.7081
0.7084
0.7077
0.7085
0.7084
0.7077
0.7081
0.0004

Results shown in bold are the mean of methodological duplicates
*Calculated using Daux et al. (2008)

between the 87Sr/86Sr ratios and variables such as age, sex, CI or δ18Op, nor was there a
discernible relationship between bone and enamel 87Sr/86Sr ratios.
All individuals from Huaca Larga have 87Sr/86Sr bone ratios that are consistent with
long- term residency at the site of Túcume, but only 14 of the 22 individuals have enamel
ratios consistent with residential stability during their lifetimes (see Figure 5.1). Of the
eight women whose enamel 87Sr/86Sr ratios fall outside of the local range (0.7064-0.7082)
identified for Túcume, all have slightly higher ratios. As was the case with the
individuals from Cemetery Sur, these women could have spent time during childhood in a
region with an 87Sr/86Sr range from 0.7077 to 0.7095, such as was found for the Nepeña
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Huaca Larga
R1-E2
R1-E3
R1-E4
R3-E1
R3-E2
R3-E3
R3-E4
R3-E5
R3-E6
R3-E7
R3-E8
R3-E9
R3-E10
R3-E11
R3-E12
R3-E13
R3-E14
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Figure 5.1 Strontium isotope data for Huaca Larga tissue samples.

Valley (Cobbing et al. 1977). Other regions within the Inca Empire where 87Sr/86Sr ratios
have been measured that are a match for each of these individuals are Beringa (0.70780.7090) along the southern coast of Peru (Knudson and Tung 2011), Chokepukio
(0.7073-0.7091) near Cuzco (Andrushko et al. 2009) and with the highest 87Sr/86Sr ratios
of the group, E10 and E11 may have lived near Tiwanaku (0.7087-0.7105) in the Lake
Titicaca region (Knudson et al. 2004).

5.2.a.iv

Oxygen Isotope Results

Table 5.5 also presents the oxygen isotope data for individuals recovered from Huaca
Larga at Túcume. As discussed earlier, enamel samples that would have formed prior to
or during weaning have been adjusted downward (M1 by 0.7 ‰ and PM by 0.35 ‰;
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(White et al. 2000; 2004c; Wright and Schwarcz 1998). All oxygen isotope compositions
are reported as δ18O ±1σ. The mean bone δ18Op value for the group was 15.2 ±0.8 ‰ and
the mean enamel δ18Op value was 16.5 ±1.0 ‰, respectively. The range for bone samples
was 12.5 to 16.3 ‰, while enamel samples had a slightly larger variance (13.3 to 17.7
‰). Following Daux et al. (2008), the corresponding δ18Odw for the samples ranged from
-14.5 to -8.6 ‰ for bone samples (mean = -10.3 ±1.2 ‰) and -13.2 to -6.4 ‰ for enamel
samples (mean = -8.4 ±1.5 ‰).
Only two of the individuals recovered from Huaca Larga have δ18Op bone values that
match the local baseline for Túcume, while values for 17 of the 22 enamel samples fall
within the range predicted for the site (Figure 5.2). With the exception of R1 E4 and R3
E6, the bone oxygen isotope compositions for these individuals are lower than the
baseline range of 16 – 18 ‰, and the majority lies between 14.1 and 15.9 ‰. The same
can be said for all but one of the enamel δ18Op values that lie outside the range expected
for Túcume.
Given the small difference between bone and enamel δ18Op values on an intraindividual level (mean Δ18Op bone-enamel = -1.3 ‰) there appears to have been a relatively
low rate of mobility among these individuals, with only three demonstrating a variance
between tissue types of more than 2 ‰ (R1 E2, R3 E4 and R3 E16). Six other
individuals have differences between bone and enamel oxygen isotope compositions that
may indicate residential relocation (R3 E2 and R3 E3 at 1.5 ‰ each, R3 E8 and R3 E17
at 1.6 ‰ each, R1 E3 at 1.7 ‰ and R3 E9 at 1.9 ‰) but the difference is not sufficiently
high as to be definitive. The tight cluster of enamel oxygen isotope compositions within
the majority of the dataset suggest that these individuals spent time during childhood in a
single region, or in regions with similar ranges of δ18Odw values, including Túcume.
Only four individuals are young enough that their bone tissue may not have completely
turned over; they are R3 E9 (who shows a 1.9 ‰ difference between her enamel and
bone compositions) and R3 E12, R3 E14 and R3 E19 (all of whom have less than a 1 ‰
difference between bone and enamel oxygen isotope compositions).
With δ18Op values of 12.5 ‰ in bone and 13.3 ‰ in enamel, sample R3 E11 is clearly
an outlier within the group. There is nothing that appears to be unique or different about
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Figure 5.2 Oxygen isotope data for Huaca Larga tissue samples.

R3 E11, aside from her isotopic composition. She is in the middle of our age range, and
there were no burial features that distinguished her from the rest of the women. Given
that her oxygen isotope composition is significantly lower than any of the others, we
expect that she spent her childhood years in a region that experienced cooler temperatures
or was at a higher elevation than where she was interred. Since her oxygen isotope bone
composition does not appear to be gravitating towards what we have assumed to be the
site range, and in fact trends in the opposite direction, it could be that she had moved to
the site only shortly before her death or that her remains were brought to the site for
burial after she died elsewhere.
There is an interesting trend here in that all of the bone compositions appear to be
‘moving’ in the same direction. Given what we know about the way oxygen isotopes
operate, this makes it appear as if all individuals moved from an area with slightly higher
δ18Odw values to one with lower values.
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5.2.a.v

Discussion

Far more of the enamel δ18Op values match the isotopic signature for the site of
Túcume than do the bone δ18Op values (Figures 5.3 and 5.4). Only two of the 23
individuals analyzed here have 87Sr/86Sr ratios and δ18Op values in both tissue types that
are consistent with residential stability at the site of Túcume throughout their lifetimes.
One of these individuals is the principal high status male (R1 E4), identified by
excavating archaeologists as the last noble ruler of the city; the other is a young female
(R3 E6) who, aside from her isotopic signature, is indistinguishable from the other
females buried at Huaca Larga.
For those individuals whose isotopic compositions do not fall entirely within the
baselines established for Túcume, it is interesting that all isotopic data for 87Sr/86Sr and
δ18Op are consistent with one another. All δ18Op values consistently trend lower than the
expected compositions for the site, while all 87Sr/86Sr ratios are higher than predicted for
Túcume. This consistency may suggest that there was a structured and regulated
movement between regions within this burial population.
Only one individual in this dataset is truly unique in her isotopic signature. While the
measured 87Sr/86Sr ratio in the bone from sample R3 E11 is consistent with residency at
Túcume (albeit at the very highest limits set for the site), her enamel 87Sr/86Sr ratios and
δ18Op values from both bone and enamel samples are well outside of local baselines and
distinct from any of the other individuals tested. Of the regions sampled for drinking
water only those from near Huaraz had sufficiently low δ18Odw values as to be a match for
this individual both during childhood and her adult years; however the 87Sr/86Sr data
seem to rule out this possibility. Several regions, outlined in Table 5.3, have 87Sr/86Sr
ratios that match her measured 87Sr/86Sr values in enamel but since baseline data are
sparse in this region, it is impossible to narrow the possibilities further.
The consistently higher enamel 87Sr/86Sr ratios throughout the dataset could also be
explained if all individuals originated from a location other than Túcume with a similar
strontium isotope signal, but with a range trending toward higher ratios. Two such
locations have been identified in the literature. The first is in the southern Peruvian
highlands around the site of Chokepukio, where 87Sr/86Sr ratios range from 0.7073 to
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0.7091 (Andrushko et al. 2009). Unfortunately, no information is available regarding
δ18Odw values for this area. The second region is the along the north-central coast,
including the Nepeña Valley, which lies much closer to the site of Túcume. Bedrock
underlying this region has a 87Sr/86Sr ratio that ranges from 0.7077 to 0.7095. The δ18Odw
values measured for four different sources in the lower valley are, however, slightly less
positive (approximately 3.4 ‰) than would be expected if this was the region of origin
for these individuals.
Another possible explanation for 87Sr/86Sr ratios consistently at the high end (0.7082)
or beyond that of the site baseline is consumption of a higher-than-normal volume of
marine food. Since the 87Sr/86Sr of ocean water is 0.7092 (Veizer 1989), a diet high in
marine foods would raise the bone and enamel 87Sr/86Sr ratios beyond that be expected of
local residents. This trend to higher 87Sr/86Sr ratios is found in the enamel of six women
(one of whom is the clear outlier) whose enamel δ18Op values are consistent with
residency at Túcume, and hence the possibility cannot be ruled out. While water is the
primary contributor to the oxygen isotopic composition of human tissues, a diet high in
marine food has been known to shift tissue compositions (Bowen et al. 2009; Bryant and
Froelich 1995). If a reliance on marine resources, which would increase the δ18Op value,
were impacting the results from Huaca Larga, it would suggest that as adults this group
consumed less marine foods than they did as children, since all of their δ18Op values were
becoming more negative. The 87Sr/86Sr ratios of their bone values would largely support
this hypothesis, since a diet high in marine resources should also ‘pull’ the 87Sr/86Sr ratio
toward the oceanic baseline of 0.7092 and with the exception of one individual, bone
87

Sr/86Sr is either relatively unchanged or shifting away from the marine value.
In terms of classifying the women recovered from Huaca Larga as aqllakuna, the data

are inconclusive. Archaeologically and physiologically, there is some evidence to
suggest that these women were high status (Baudin 1961; Silverblatt 1987; Toyne 2002),
but demographically the age range represented is too large for an aqllawasi. This group
consists of 19 women ranging from age 9-35, with only three individuals under the age of
15, while traditional aqllawasi reportedly consisted primarily of females in their early
teens with only a few older females. It is possible, given their 87Sr/86Sr enamel ratios,
that these women spent time during childhood in the region around Cuzco, which appears

112
to have been a central focal point of training for aqllakuna. However, the overall lack of
significant variation in their isotopic compositions does not support the idea that these
women had been gathered from all areas of the Inca Empire to serve the ruling class.
Some of them may, in fact, have been local individuals whose dietary reliance on a heavy
marine diet in childhood changed to a more terrestrial diet upon joining the group,
resulting in an isotopic pattern that mimics movement. In either case, it appears more
appropriate to refer to this group of females as attendants, rather than aqllakuna.
Whatever their specific role and the status they held in Túcume, these women may have
been relocated, largely as a group, to support a leader who had long-term ties to the local
population, or who was a life-long resident of the city.

5.2.b

Templo de la Piedra Sagrada

The second group selected for biogeochemical analyses was drawn from a mass grave
located in a small, enclosed courtyard in front of the Templo de la Piedra Sagrada at
Túcume. Preliminary analyses suggest that this collection represents the accumulation of
sacrificed individuals over a long period of time; over 87 % of individuals either had their
throats cut, were decapitated, or had their chest cavity opened (Toyne 2008).
As noted in Chapter 2, Andean cultural practices are thought to have a long history of
violence and conflict, both real and ceremonial (Arkush and Stanish 2005; Benson and
Cook 2001a; Blom and Janusek 2004; Cobo 1990 [1653]; Conrad and Demarest 1984;
Cordy-Collins et al. 2001; Hill 2003; Lau 2004; Pillsbury 2001; Sutter and Cortez 2005;
Swenson 2003; Verano et al. 1986). Archaeologists have hypothesized that the goal of
many of these encounters was the procurement of individuals for the purpose of human
sacrifice and some authors argue that Inca religious practices were, at least to some
extent, modeled on those of their predecessors (Bauer 1996; Cobo 1979 [1653]; McEwan
2006). Stable isotope analysis is one of the few ways in which we can test this
hypothesis.
Did Inca sacrificial rites utilize captured military personnel or those conquered in
ritual battles? And to what end? Or is there a different explanation for this burial
grouping? One alternative explanation of large-scale human sacrifice comes from the
writings of de Xerez and Markham (1872 [1534]). The event purportedly occurred
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during the Spanish conquest of the north coast of Peru, and involved individuals
volunteering both themselves and their children as sacrificial victims during a festival.
The authors argue that this mass sacrifice was initiated and carried out on a local level,
and was apparently intended to alleviate or mitigate the stresses associated with
occupation and colonization. Of course, historical documentation such as this needs to be
considered carefully given the inherent biases and singular perspective of the authors.
Although the sexed individuals within this group are primarily adult males, the
presence of several women and children raises questions about the nature of the event
that led to their deaths. Through isotopic analysis of these individuals, I hope to provide
a clearer understanding of who these people were during life. My primary question here
is: do the isotopic data suggest that these individuals are more likely to have been nonlocals captured in real battle or visiting for staged battle, or does the evidence indicate
that they were locals who chose, or were chosen, to participate in a ritual activity?
Foreigners, whether combative or ceremonial, buried at the Templo de la Piedra Sagrada
ought to demonstrate a variety of isotopic signatures representing their regions of origin,
while locals who died there will should have similar isotopic values both at the intra- and
inter-individual levels, and which align with local baselines.

5.2.b.i

Sample Selection

In consultation with the excavating archaeologist, bone and enamel samples were
drawn from 20 individuals in this grouping (Table 5.6). Every attempt was made to
sample from the various depths of interment represented and across the span of the burial
pit. As with the Huaca Larga group, all samples were analyzed for oxygen and strontium
isotope compositions and subjected to FTIR to test for post mortem alteration and state of
preservation. As with Huaca Larga samples, it was hoped that sufficient collagen would
remain to allow for carbon and nitrogen isotope analyses but the samples were highly
degraded and collagen yields were too low to be considered reliable.

5.2.b.ii

Sample Integrity

For tissue samples from the Templo de la Piedra Sagrada, the average crystallinity
indices (CI) were 3.4 ±0.2 for bone, and 3.5 ±0.3 for enamel, which are within the
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Table 5.6
Inventory of Templo
de la Piedra Sagrada
samples.

general guidelines of 2.6 and 4.0 for archaeological material (Garvie-Lok et al. 2004;
Nielsen-Marsh and Hedges 2000b; Wright and Schwarcz 1996). There are no significant
correlations between CI values and the δ18Op composition of either bone or enamel; nor
are there any statistical indicators of processing or methodological errors. Given these
indicators, it is unlikely that the samples have been significantly altered since burial and
that the isotopic compositions measured are those acquired during life.

5.2.b.iii

Strontium Isotope Results

Table 5.7 contains the isotopic data gathered for the Templo de la Piedra Sagrada
87

86

samples. All averages are presented as mean Sr/ Sr ±1σ. The average 87Sr/86Sr ratio
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Table 5.7

SAMPLE

Oxygen and strontium isotopic data for the Templo de la Piedra Sagrada
bone and enamel samples.

AGE
(SEX)

TOOTH

δ18OP‰
VSMOW

BONE
*Predicted
δ18Odw‰

CI

87

Sr/86Sr

δ18OP‰
VSMOW

VSMOW

1d
4
5
6
9
10a
12
19b
20
21
23
28
47
48
53b
54
56
60
64
75

25-35 (M)
subadult (?)
25-30 (M)
9-12 (?)
25-30 (M)
subadult (?)
9-11 (?)
19-23 (M)
20-25 (M)
subadult (?)
14-16 (M)
25-30 (M)
10-12 (M)
20-25 (M)
35-40 (F)
11-13 (?)
25-30 (?)
11-13 (?)
18-22 (M)
17-25 (?)

UR M2
LL M1
LL M2
UR M2
LR M2
LL M1
LL M1
UR M3
UR M2
UL M1
LL M2
UR M3
LR M1
UR M3
UL M3
LL M2
LL M3
UL M2
UL M2
UL M2
Mean:
Std Dev:

19.3
16.0
17.7
15.3
17.6
16.2
16.0
16.2
17.3
15.7
14.3
16.7
20.7
17.6
16.3
16.7
16.8
23.5
15.4
15.7
17.0
2.1

-3.9
-9.1
-6.5
-10.1
-6.5
-8.7
-9.1
-8.8
-7.1
-9.5
-11.7
-8.0
-1.9
-6.7
-8.7
-8.0
-7.9
2.4
-10.0
-9.6
-7.5
3.2

ENAMEL
*Predicted
δ18Odw‰

CI

87

Sr/86Sr

VSMOW

3.7
3.4
3.2
3.2
3.5
3.5
3.1
3.3
3.4
3.4
3.2
3.0
4.0
3.6
3.1
3.4
3.5
3.6
3.1
3.3
3.4
0.2

0.7069
0.7073
0.7071
0.7070
0.7075
0.7072
0.7075
0.7071
0.7068
0.7073
0.7072
0.7071
0.7073
0.7074
0.7076
0.7070
0.7074
0.7074
0.7069
0.7074
0.7072
0.0002

16.2
16.4
18.3
15.5
17.9
15.5
18.7
16.2
16.9
17.0
13.6
18.1
17.9
17.4
16.4
16.0
16.9
18.9
17.0
17.5
16.9
1.3

-8.7
-8.4
-5.5
-9.9
-6.1
-9.9
-5.0
-8.8
-7.7
-7.5
-12.8
-5.8
-6.2
-7.0
-8.5
-9.1
-7.8
-4.5
-7.6
-6.8
-7.7
2.0

3.5
3.4
3.7
3.1
3.6
3.1
3.7
3.3
3.4
3.7
2.9
3.9
3.6
3.6
3.3
3.3
3.4
4.0
3.4
3.7
3.5
0.3

0.7067
0.7119
0.7090
0.7085
0.7098
0.7119
0.7166
0.7089
0.7069
0.7117
0.7099
0.7088
0.7095
0.7095
0.7110
0.7072
0.7091
0.7085
0.7070
0.7089
0.7096
0.0023

Results shown in bold are the mean of methodological duplicates
*Calculated using Daux et al. (2008)

for bone samples was 0.7072 ±0.0002, while the average for enamel was 0.7096 ±0.0023.
No statistically significant correlations were found between 87Sr/86Sr ratios and variables
such as age, sex, CI or δ18Op, nor was there a discernible relationship between bone and
enamel 87Sr/86Sr compositions.
All bone 87Sr/86Sr ratios are well within the range defined for the site of Túcume, with
a low ratio of 0.7068 and a high of 0.7076 (see Figure 5.5). The majority of enamel
87

Sr/86Sr ratios indicate that the individuals spent their childhood in a location with a

87

Sr/86Sr ratio different from the local signal. Only four individuals (1d, 20, 54 and 64)

have enamel 87Sr/86Sr ratios consistent with the bedrock that underlies Túcume and the
measured ratios from the Cemetery Sur samples.
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Strontium isotope data for Templo de la Piedra Sagrada tissue samples.

The average 87Sr/86Sr ratio for enamel is higher in this sample set than the mean for
the Huaca Larga samples, and the range of 87Sr/86Sr values is widest among the Templo
de la Piedra Sagrada group at 0.0099. The strontium isotope ratios represented in this
dataset suggest that the individuals interred at Templo de la Piedra Sagrada most likely
grew up in a variety of areas across the Inca Empire. Five individuals (5, 19b, 28, 56 and
75) have 87Sr/86Sr ratios that match three of the areas (Nepeña, Chokepukio and
Tiwanaku) where Sr isotope ratios have been measured. Two others (47 and 48) have
enamel 87Sr/86Sr ratios that could stem from childhood residence near Nepeña and/or
Tiwanaku, and another three individuals have ratios that are only documented presently
for the area around Tiwanaku. Five individuals (4, 10a, 12, 21 and 53b) have enamel
87

Sr/86Sr ratios that do not match any of the areas for which 87Sr/86Sr ratios have been
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documented. Of these five, sample 53b is the only identified female in the burial
grouping and the other four individuals are all children under the age of 12. The female
and three of the children have enamel 87Sr/86Sr ratios that cluster between 0.7110 and
0.7119, suggesting that they may originate from the same area, but sample 12 is unique
with an enamel 87Sr/86Sr ratio of 0.7166.
5.2.b.iv

Oxygen Isotope Results

Bone and enamel δ18Op values are also presented in Table 5.7 and Figure 5.6. Of the
twenty individuals included in this study, δ18Op bone-enamel differences indicate that
only four individuals (1d, 12, 47 and 60) are likely to have changed residence to an extent
detectable in their tissue oxygen isotopic compositions. Another two individuals (64 and
75) may also have relocated; however the difference between their bone and enamel
δ18Op values (-1.6 and -1.8 ‰ respectively) is only slightly larger than typical for lifelong residential stability. The remaining 14 individuals have bone and enamel δ18Op
ratios consistent with residence in Túcume.
Of the nine individuals whose enamel δ18Op values are outside the range established
for Túcume (see Figure 5.6), two (6 and 10a) have compositions consistent with drinking
water from the Moche Valley, another three (12, 28 and 47) match water from the Virú
Valley, two others (5 and 60) match water from the Piura area, and one (23) is consistent
with childhood in or around the Santa Valley. Four of the bone δ18Op values lie outside
the -8.8 to -6.4 ‰ range for Túcume but are within the range measured for the Moche
Valley (21 and 75) and Piura areas (1d and 47). Two individuals (6 and 64) have δ18Op
values that could stem from residency in the Chao Valley, one (23) has a value that is
consistent with water in the Casma Valley, and another individual (60) with a δ18Op of
23.5 ‰ matches none of our sampled regions.
5.2.b.v

Discussion

The δ18Op for individuals at the Templo de la Piedra Sagrada demonstrate a diverse
pattern of mobility and seem to represent a wider number of regions, both in their enamel
and bone compositions. There is no uniformity in the direction of mobility in these
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Oxygen isotope data for the Templo de la Piedra Sagrada tissue samples.

individuals, and no connection between the direction of movement and age or sex. For
individuals whose δ18Op values are more negative than the range established for Túcume,
the argument could be made that drinking water containing a high proportion of runoff
from the high mountain streams was responsible for the difference in tissue compositions.
If local groups were storing water from high volumes of runoff in open ponds, however,
the extreme aridity of the region could have an evaporative effect on the cached water
supplies, resulting in its enrichment in 18Odw relative to its original high-altitude
composition.
One individual in particular, sample 60, has a remarkably high bone δ18Op value (and
also has the highest enamel δ18Op value for the group); the expected δ18Odw value
required to produce this composition is far beyond what one would normally expect from
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this region. This individual is an unsexed subadult between the ages of 11 and 13 years,
with no remarkable burial features. The tooth sampled for this individual is the second
molar, which would have completed its crown formation by the age of 8 years. Because
of the extraordinarily high bone oxygen isotopic composition, both tissue samples for this
individual were analyzed three times to ensure that no methodological errors had
produced anomalous results. While the enamel values for this individual are a match for
waters in the Piura area, none of our water samples could produce the δ18Op bone value of
23.5 ‰.
The 87Sr/86Sr ratios also suggest a mobile population, that individuals did not move as
a group, and that there was no pattern of movement between regions. It appears that
these individuals spent their childhoods in a diverse number of areas (Figure 5.7). And
while all of the 87Sr/86Sr bone ratios fall within the baseline for Túcume and the
Lamabayeque Valley, combination with the δ18Odw results makes it obvious that not all of
these individuals had lived at the site for a significant period of time prior to their deaths
(Figure 5.8). Only half of the 20 individuals sampled from the Templo de la Piedra
Sagrada have both bone 87Sr/86Sr ratios and δ18Op values that are consistent with longterm habitation at Túcume.
The striking difference between the enamel and bone 87Sr/86Sr ratios within this
grouping is something of an enigma. It could well be that these individuals came from a
variety of areas with soil isotopic compositions that are a match for our site but the
consistency is remarkable. The rate at which the human body metabolizes and stores
various elements within bone is not well understood. It may be possible that the body
incorporates strontium into bone at a rate that varies from that of oxygen. In a
comparison of methods for measuring strontium in bovine enamel, Montgomery et al.
(2010) report that 87Sr/86Sr uptake into mineralized tissue was as much as double that of
light isotopes such as oxygen. However, while certain subset of the population such as
newborns (Hodges et al. 1950), individuals with compromised renal function (CohenSolal 2002) and those fasting or on low-calcium diets (Argonne National Laboratory
2001; Sips et al. 1996) can metabolize strontium at higher rates than normal, the amount
of strontium required to be alter bone 87Sr/86Sr values more rapidly than δ18Op
compositions to the extent visible in the Templo de la Piedra Sagrada group would have
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other than Túcume have a conservative 87Sr/86Sr range of 0.0010 assigned to them based on results
reported in the literature.
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been at levels unobtainable from foods alone (Watts and Howe 2010).
It would appear from the data that neither scenario outlined above (the sacrifice of
captured military personnel versus locals being chosen or volunteering for sacrifice) can
fully explain the origins of individuals from the large burial grouping at the Templo de la
Piedra Sagrada. While some individuals appear to have been long-term inhabitants of
Túcume who could have volunteered both themselves and/or their children for sacrifice,
at least half were not residents for long enough to acquire the local strontium and oxygen
isotopic signatures prior to their deaths. Individuals sacrificed after conflict between
regions (either staged or real) could be expected to have a wide range of isotopic
compositions within both their bone and enamel phosphate, and for some individuals here
that scenario appears to fit the data. If it were primarily locals being sacrificed at the site,
one would expect a greater percentage of individuals sampled to have isotopic tissue
compositions matching the local 87Sr/86Sr and δ18Odw baselines more closely. It is most
probable that the victims sacrificed at the Templo de la Piedra Sagrada included
individuals from both categories and/or that a criterion other than residency was an
additional factor in the selection of sacrificial victims within this grouping.
The possibility that some of the individuals sampled included marine resources in their
diets must also be considered. Marine foods would drive 87Sr/86Sr ratios toward 0.7092,
and given the proximity of Túcume to the ocean it is probable that fish and seafood made
up a portion of the diet at the site. However, given that there is no apparent pattern to the
direction of the isotopic signal, as was the case with the Huaca Larga grouping, it is
impossible to discern which individuals may be exhibiting this phenomenon.

5.2.c

Mobility at Túcume

The mobility patterns among the three groups studied at Túcume are clearly different
from one another, both in terms of δ18Op and 87Sr/86Sr ratios (Figure 5.9 and Figure 5.10).
The group from Cemetery Sur was, by and large, a sedentary population just as the
excavating archaeologists had hypothesized. With only a few exceptions their isotopic
compositions are closely aligned with results measured for local water and soil samples
(Chapter 4). The individuals buried at Huaca Larga have a pattern of very low mobility
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in their 87Sr/86Sr ratios but the δ18Op values are suggestive of one direction of movement.
This may suggest that the majority of members of this group originated in an area where
the underlying bedrock is similar to that at Túcume but where drinking waters were
depleted of 18O relative to our location. However, the possibility that these individuals
consumed a specialized diet or made use of a unique water source at the site cannot be
entirely dismissed. What the data may be reflecting, at least in part, is a local childhood
diet high in marine resources that was altered some time after enamel formation to consist
of a more terrestrial base, while water resources remained consistent.
It is evident from the data that the grouping at the Templo de la Piedra Sagrada
followed a different consumption pattern than both the Cemetery Sur and Huaca Larga
individuals. Both the 87Sr/86Sr and the δ18Op ratios show more mobility than either of the
other two groupings. There is no uniform direction of movement within the δ18Op
compositions of this group although by the time of their deaths all of their bone 87Sr/86Sr
values were within the local baseline for the site. It becomes quite obvious in comparing
these populations that they played different roles at the site of Túcume.
In terms of sample preservation, both the Cemetery Sur and Templo de la Piedra
Sagrada individuals have CI values that are in line with expected values for
archaeological samples. The group recovered from the Huaca Larga, however, has
values below that of fresh bone, although it does not appear to have affected their original
isotopic ratios. In none of the samples was there sufficient collagen preserved to perform
analyses of their carbon and nitrogen isotopic compositions, which would have aided in
the interpretation of dietary intake. In the case of the Huaca Larga individuals, where the
slim possibility exists that consumption of high levels of marine food sources influenced
the isotopic signature of the group, this would have been particularly useful.
The stable isotope analyses support the assertion of the recovery team that those
buried at Cemetery Sur were long-term residents at the site. The isotopic signature of the
female individuals from Huaca Larga, while insufficient to support the hypothesis they
were aqllakuna, clearly demonstrates that they held a special position within the
community. Coupled with information on the burial pattern and demographic profile, the
isotopic data seem to indicate that this group contains the remains of a local elite ruler
buried with his attendants. The individuals at the Templo de la Piedra Sagrada seem to
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form yet another unique burial group at the site. Apparently originating from a variety of
regions, these individuals have what appear to be conflicting bone δ18Op and 87Sr/86Sr
indicators of mobility that require further investigation.
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CHAPTER 6
SUMMARY AND CONCLUSIONS
The major contributions that this research has made to the discipline, both
methodologically and archaeologically, are summarized below, followed by possible
future research directions.

6.1

METHODOLOGICAL STUDIES

The method widely adopted by bioarchaeologists for analysis of 87Sr/86Sr ratios was
developed by Knudson and colleagues (2004), and entails the digestion of tissue samples
using volatile chemicals over a long processing period. However, destruction of the
relatively large sample quantities needed for this approach is undesirable. This research
has demonstrated that minimally destructive Femtosecond Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (Fs-LA-ICP-MS) can be used effectively with
adequately-prepared enamel samples. Data derived from enamel samples using this
method are comparable to data generated using the more conventional preparation
method. The natural porosity of bone samples, however, makes them a poor target
material for Fs-LA-ICP-MS analysis.
The possibility of a systematic isotopic offset between enamel and bone δ18O values,
previously noted by some for the carbonate portion of bioapatite samples in studies
conducted using animal models (Smith et al. 2005; Warinner and Tuross 2009) and also
in studies of bioapatite phosphate in rodents (Luz and Kolodny 1985a) and human
archaeological material (Metcalfe 2005; Olsen 2006), was also examined here. A sample
set was specifically chosen to address the variables thought to influence δ18Op values in
tissues that form at different times during life. No consistency in the enamel-bone δ18Op
spacing was found in this dataset, suggesting that the offset reported in earlier
archaeological studies was not an artifact of tissue-specific biochemical patterns within
the human body.
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6.2

REGIONAL BASELINES

The current challenge of pinpointing regions of origin for those who have relocated
during their lifetimes is compounded in South America by a lack of local isotopic
baselines for human tissues. By directly sampling the environment in which ancient
peoples would have moved (albeit in its current form), this dissertation begins to build
baselines for the northern reaches of the Inca Empire. Although through this dissertation
I have attempted to do so, the identification of specific regions of origin for the
individuals sampled here remains highly speculative. Ongoing development of regional
baselines, however, will allow for a more refined determination of the regions between
which people moved. By using multiple isotopic markers for regional affiliation, it is
possible to characterize the prevalence and geographic scale of residential mobility in the
past more accurately. Given that neither of the hypotheses for our two distinct skeletal
samples was entirely supported by the baseline data gathered during this research, it
appears that movement of people across the northern regions during the Inca Period was
more complex and common than we may have previously understood.
In comparing measured δ18Odw values with compositions predicted for precipitation
using the general algorithm developed by Bowen and colleagues (Bowen and Revenaugh
2003; Bowen and Wilkinson 2002b), it would appear that the geography and climate of
the Peruvian north coast does not lend itself well to such models. Runoff from the
Cordillera Blanca glaciers in the Andes is a confounding factor for predictive models
based primarily on temperature, altitude and distance to the ocean. Given that measured
δ18Odw values are more negative than those predicted by the algorithm developed by
Bowen and colleagues, it is likely that at least some of the water consumed locally was
ultimately derived from sources higher in the Andes, resulting in an isotopic signature
that differs from that of predicted precipitation values. Given this result, the use of
generalized models for the isotopic composition of precipitation as a presumptive
baseline for mobility studies in this region is not recommended.

6.3

MOBILITY VIA BIOGEOCHEMISTRY

One of the initial questions posed in this dissertation concerned the use of verticality
as a means of examining mobility in the archaeological record – specifically whether or
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not biogeochemical analyses could be used to identify individuals who moved across the
landscape in this pattern. Only slight changes were noted between ecozones, with a slight
trend toward more negative isotope compositions for both oxygen and hydrogen as one
moved to higher elevations. However, given the amount of overlap in the zones it
remains very challenging to differentiate between them on an intra-individual level. Also
confounding this interpretation is the fact that much of the drinking water in low-lying
coastal areas appears to be derived from precipitation falling at higher elevations, either
in the form of runoff or through recharge of local aquifers by high-elevation precipitation.
It was possible, however, to explore residential mobility at the site of Túcume relative
to the environmental isotope baselines obtained for drinking water and soil. In examining
the tissues of those buried at the site and the magnitude of the difference in isotopic
compositions between tissues, it appears that at least some members of the Huaca Larga
group were either part of a cyclical pattern of movement between Túcume and an as-yet
unidentified location, or they underwent a significant dietary shift between childhood and
their adult years. That all individuals in this group whose isotopic compositions lie
outside of local baselines demonstrate the same trend for both 87Sr/86Sr ratios and δ18Op
values is a strong indicator of residential relocation and social or economic ties to at least
one other community.
The Templo de la Piedra Sagrada burial group showed no uniformity in isotopic
compositions related to childhood residency; it would appear from both the oxygen and
strontium isotope data that these individuals grew up in a variety of locations across the
Inca Empire. In adulthood, however, the data suggests that the majority of these
individuals lived for some time either at Túcume or in an area with a similar isotopic
signature. Given that all bone 87Sr/86Sr ratios are lower than those of marine resources
(0.7092) and there is no trend in the data towards marine foods, the Templo de la Piedra
Sagrada individuals likely did not have a diet high in marine-based foods in spite of the
site’s proximity to the ocean. Six of the 20 individuals, however, have a bone δ18Op
value that trends away from the local baseline, suggesting that they may not have been at
the site long enough to begin to acquire the local isotopic signature.
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6.4

HUMAN SACRIFICE IN THE ANDES

One of the questions this dissertation sought to answer was whether we could identify
probable victims of human sacrifice in this region based on their tissue isotopic
compositions in an effort to better understand the processes that led to their deaths. There
is strong physical and archaeological evidence that the individuals buried in the courtyard
at the Templo de la Piedra Sagrada were sacrificed there (Toyne 2008), but competing
reports exist concerning how victims were acquired for sacrificial rites during Inca times.
Neither a scenario of local individuals volunteering themselves and their children for
sacrifice (Xerez and Markham 1872 [1534]), nor one that involves the sacrifice of nonlocal prisoners (Bauer 1996; Cobo 1979 [1653]; McEwan 2006) are entirely supported by
the isotopic data. It is most likely that the courtyard at the Templo de la Piedra Sagrada
was used over a long period of time for various ritual activities, and not limited in terms
of the origin of victims. It could be that victims were selected based on criteria not linked
to geographic affiliation, or that the accumulation of remains includes individuals from a
variety of sacrificial contexts, including those based on regional origin.
In comparing the isotopic signature of local, non-elite, non-sacrificial burials from the
Cemetery Sur population to those who were ostensibly victims of human sacrifice, there
were some differences in the overall isotopic signature of the groups. In looking at the
range of isotopic compositions for both bone and enamel from the three groups, the
smallest variation is within the group of local individuals from Cemetery Sur. The burial
population from Huaca Larga shows only a slightly larger range in the bone δ18Op than
the Cemetery Sur individuals, but clearly there was more movement within this group
than among locals interred at Cemetery Sur. By far, the greatest isotopic variation occurs
within the Templo de la Piedra Sagrada group, both for oxygen and strontium in bone and
enamel phosphate.
The clusters of isotopic compositions observed for the Huaca Larga sample can only
suggest that these individuals may have moved in a pattern similar to one another, but we
cannot say that they were selected for sacrifice on the basis of where they originated. It
would appear that the criteria for their selection as sacrificial victims was based on
previous service to the high-status individual interred there, although mobility may be a
coincidental factor if these attendants were relocated in order to serve. The Templo de la
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Piedra Sagrada group, however, may have been selected to serve as human sacrifices
based on the fact that they were from ‘elsewhere’. The isotopic composition of their
tissues demonstrates that they were, generally speaking, not local to the site and their
remains were treated in a manner that indicates a lack of connection to the individual.
There was no attempt made at burial and no funerary treatment of the body that would
suggest an ongoing relationship with those living at Túcume.
Given the isotopic distinctions among these three groups, the question remains as to
whether other individuals recovered from the site could be assigned to one of these three
groups on the basis of their δ18Op and 87Sr/86Sr values. It appears that there are three
social groups represented in these data: low-mobility commoners (Cemetery Sur), low to
mid-level mobility elite and their entourage (Huaca Larga), and high-mobility foreigners
(Templo de la Piedra Sagrada). However, the overlap between the groups is sufficient as
to make the identification of any single individual impossible on the basis of isotopic data
alone. By combining the biogeochemical signature of human tissues with burial context
and other archaeological information, it may be possible to recognize geographic
foreigners in ancient Inca burials and thereby test hypotheses concerning the origin of
specific individuals, inferred population migration patterns, and outside cultural
influences in the Túcume region.

6.5

FUTURE DIRECTIONS

While the Fs-LA-ICP-MS laser ablation method for 87Sr/86Sr isotope analysis was too
unreliable for use with bone samples at this time, the value of this method in preserving
samples, the speed of data acquisition and the comparative safety relative to the chemical
dilution process is sufficiently high as to merit further development of laser methods for
bone analysis. One means by which method improvement might be achieved would be to
impregnate the bone sample with an appropriate resin that would ensure a smoother,
more consistent surface upon which to focus the laser. Testing the 87Sr/86Sr signal of the
resin matrix alone would allow for a correction algorithm to be incorporated into data
processing, thus ensuring that only the intra vitam 87Sr/86Sr ratio from the bone was
extracted from the dataset.
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A continued effort to gather baseline data for the region is required for more confident
identification of regions of origin for individuals throughout the Andes. The isotopic
baselines constructed here are based on the first-round of environmental testing and will
need to be refined through analyses of additional water and soil samples. Although
seasonal temperature changes are not severe in this region, rainfall patterns vary
throughout the annual cycle and drinking water samples need to be collected throughout
the year in order to develop a more robust δ18Odw measure against which to compare
human samples. Further information regarding the aquifers and possible groundwater
sources will also need to be identified, and an evaluation of possible climate-related shifts
in the oxygen isotopic composition of drinking water between the Inca Period and the
present is also needed. Additional soil and vegetation samples should also be analyzed so
that the natural variation of 87Sr/86Sr ratios across the north coast can be explored. In
other areas to the south, researchers have used the tissues of small rodents as additional
indicators of 87Sr/86Sr ratios (Andrushko et al. 2009; Conlee et al. 2009; Knudson et al.
2004; Price et al. 2002; Slovak et al. 2009; Tung and Knudson 2008), and this approach
should be explored in the north as well.
In terms of continued work with the burials at Túcume, isotopic analysis of additional
tissues is possible for both the Huaca Larga and Templo de la Piedra Sagrada groups.
Hair samples and keratin are available for some of these individuals, although not all, and
could be tested for isotopic indicators of relocation in the weeks and months prior to
death (Webb et al. 2013; Williams 2008; Williams et al. 2011), and could afford us the
chance to test hypotheses regarding marine resource consumption patterns. Only 20 of
the possible 173 individuals recovered from the Templo de la Piedra Sagrada burial
sample were included in this study. Testing the remaining individuals for isotopic
indicators of geographic mobility will allow us to refine our interpretation of the data
presented herein. It may be that other samples drawn from this grouping will be
sufficiently preserved so as to allow for stable carbon and nitrogen isotope analyses of
collagen, which could add to our understanding of the lives these individuals lived prior
to being sacrificed at Túcume.
By combining multiple isotopic indicators for mobility from a variety of human
tissues and comparing them to improved isotopic baseline data for environmental
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samples, future researchers should be able to better pinpoint regions and groups that
interacted directly with one another on an episodic and/or ongoing basis. These
additional data will help to expose the scale of, and impetus for, intra-regional mobility
among groups under Inca rule in the northernmost reaches of the Empire.
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